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Abstract 
The housing schemes that were developed as part of Abuja’s master plan over 30 years ago are still in use today as 
prototypes for low-income housing developments. At the early stage of the city’s development, the designers involved in 
the process were mainly focused on providing the required quantity of dwellings to accommodate those involved in the 
construction. There were no weather stations set up to monitor the climatic conditions of the area and no urban areas 
within a hundred kilometres of the city’s location. Thus, the value of the region’s unique climatic conditions received only 
cursory consideration during the early phases of development. More records of the climate of the region have become 
available since the mid-1990s. Yet, despite the availability of such data and the global interest in an energy efficient 
approach to building design, it is still not clear whether the concern about energy conservation has led to a different design 
practice in the housing sector. On the contrary, recent statistics on energy consumption in Nigerian residential buildings 
indicate an increase in energy use due to the growing use of mechanical air conditioning units for meeting comfort 
requirements. Previous studies have shown that space air conditioning and lighting have been accounting for some 80% of 
domestic energy consumption in Nigeria. 
Given that the region is already struggling to meet its current energy demands, it is important to examine whether 
improvements made to the design approach for future buildings can assist in reducing overheating indoors and energy 
consumption. The aim of this study is to develop passive design guidelines that will help improve the thermal and 
daylighting conditions in residential buildings in Nigeria, thereby reducing the need for active energy sources to keep 
occupants comfortable. To achieve this, the study has four main parts. Firstly, the literature relating to the environment 
and phases of architectural development in Abuja, Nigeria is reviewed in order to identify the unique elements of the 
climate and socio-economic context of the city. Secondly, the literature relating to human comfort as well as the thermal 
and visual performance of buildings, is reviewed in order to identify the design parameters that are crucial for improving 
occupants’ comfort in dwellings, especially in tropical regions. Thirdly, using computer based simulations, the research 
investigated the performance of eight housing types in Abuja in their current state and examined the impact changing key 
design parameter has on occupants comfort. Finally, the findings from the investigations are used to deduce which passive 
design approaches are more relevant for improving the thermal and visual conditions in residential buildings in the region.  
Evaluating the performance of the buildings in their existing state revealed clear overheating problems and excessive 
natural lighting for most of the year. However, among the key findings from the investigation, it was found that a 6-11% 
decrease in the frequency of thermal discomfort and a 16-54% decrease in the frequency of visual discomfort can be 
achieved by adjusting the orientation of the facades. The results also showed that the frequency of thermal and visual 
discomfort can be reduced by about 6.5% and 71% respectively, using façade and window shading components.  
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CHAPTER 6 - ANALYSIS OF THERMAL AND VISUAL PERFORMANCE OF 
RESIDENTIAL BUILDINGS IN ABUJA 
6.1 INTRODUCTION 
The impact of building design on occupants’ comfort within the climate region was not an issue 
considered in the 1979 master-plan of Abuja and the housing development of the city (FCDA, 1979). Yet, 
it is clear, based on the review in Chapter two, that many of the residential buildings built by the 
government in the 1990s and 2000s have been based on design prototypes similar to those developed in 
the 1980s. The literature examining government built residential buildings in Abuja has primarily focused 
on the quantity being produced (Ikejiofor, 1997; Kalgo & Ayileka, 2001; Olutuah & Bobadoye, 2009) or 
occupants’ satisfaction with the size and number of rooms, quality of construction and the quality of 
facilities (Badaru et al., 2014; Sylvester, 2014; Ukoha & Beamish, 1997). Given the increased interest in 
energy efficiency in buildings and a climate-appropriate architecture over the recent decades, the 
consideration of the impact of building design on occupants’ comfort is required to provide holistic 
recommendations for improving housing conditions in the city.  
In order to examine the extent to which the common design characteristics of Abuja’s residential buildings 
have affected occupants’ comfort, the thermal and visual performance of two selected rooms in eight 
case study buildings are analysed in this chapter. These buildings were constructed in the first and second 
phase of the city’s development. The methodological approach and the validation exercise carried out 
before the analysis are presented in the previous chapter. The analysis of the case study buildings 
presented in section 6.2 is followed by a comparison of the performance of the buildings in section 6.3. 
The output of this latter analysis is used to outline the performance of the case studies and the impact of 
the variations in their design parameters on their occupant’s comfort.  
6.2 ANALYSIS OF THE PERFORMANCE OF THE CASE STUDIES  
This section is concerned with the assessment of the predicted thermal and visual performance of the 
selected case study residential buildings developed in Abuja over three decades since the 1980s. Chapter 
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five has provided more information on the size and structure of the buildings, as well as the 
neighbourhood in which they are located. Table 6.1 and 6.2 present information on the characteristics of 
the selected rooms from each case study building developed, including the orientation of the main facade 
area, the size of the floor area, total external wall area and total window area, as well as the thermal 
transmittance (u-value) of different components of the building envelope. In addition, architectural 
drawings of each building are presented in appendix 2.  
Table 6.1 Physical characteristics of selected rooms in case study buildings in Phase I 
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Table 6.2 Physical characteristics of case study buildings in Phase II and III 
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6.2.1 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 1 (RB1) 
 
 
 
 
 
 
 
 
 
6.2.1.1 THERMAL CONDITION ANALYSIS 
Table 6.3 below shows the results from the simulation of the thermal conditions in the selected rooms in 
case study building 1, including the typical monthly mean (Tdbmean), maximum (Tdbmax), and minimum 
(Tdbmin) outdoor dry-bulb temperatures. It also shows the predicted monthly mean (Tomean), maximum 
(Tomax), and minimum (Tomin) indoor operative temperatures in both the living room and the bedroom in 
relation to the upper (Tover) and lower (Tunder) limits of the acceptable temperature range, as well as the 
calculated average daily hours of thermal discomfort (HTD) during each month. 
Table 6.3 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB1 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 1 (RB1) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 28.6 30.4 27.3 10 28.5 30.7 26.7 7 
DEC 26.1 35.2 18.2 29.4 22.4 28.8 31.1 27.3 8 28.5 31.1 26.4 7 
JAN 27.3 34.5 20.8 29.7 22.7 29.6 31.6 28.1 10 29.7 31.9 27.6 11 
FEB 30.0 36.0 24.3 30.4 23.4 31.4 33.6 29.5 16 31.9 34.3 29.6 17 
MAR 31.5 37.0 26.4 31.0 24.0 32.5 34.6 30.5 19 33.2 35.5 30.9 21 
APR 29.2 34.9 24.3 30.7 23.7 30.9 32.7 29.4 11 31.5 33.6 29.5 15 
MAY 26.9 30.9 23.4 29.8 22.8 29.3 30.8 28.3 6 29.6 31.4 28.2 10 
JUN 26.1 29.8 22.8 29.5 22.5 28.4 29.7 27.5 4 28.6 30.1 27.2 6 
JUL 24.6 28.0 21.4 29.0 22.0 27.6 28.5 26.7 1 27.5 28.8 26.2 2 
AUG 24.3 28.4 21.7 28.9 21.9 27.7 28.5 26.8 1 27.5 28.9 26.2 2 
SEP 25.1 29.7 21.6 29.0 22.0 28.0 29.3 27.1 3 28.0 29.6 26.6 5 
OCT 25.3 30.1 21.6 29.2 22.2 28.1 29.4 27.2 3 28.0 29.7 26.6 4 
YEAR 26.9 32.2 22.3 29.7 22.7 29.2 30.9 28.0 8 29.4 31.3 27.6 9 
Note: all values except HTD (hours) in ˚C  
Figure 6.1 Plan of selected rooms in case study building 1 
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During the dry season (November-April), the living room and the bedroom have monthly mean and 
maximum operative temperatures that are lower than the monthly maximum outdoor dry-bulb 
temperatures for the corresponding months (Table 6.3). This indicates that both rooms have design 
characteristics that positively modify the conditions indoor by preventing the maximum operative 
temperatures from rising to the same degrees as the outdoor dry-bulb temperature. Nevertheless, the 
mean operative temperatures for both rooms are closer to the monthly maximum outdoor dry-bulb 
temperatures than the minimum. At the start of the dry season in November, there can be as many as 
ten and seven hours of thermal discomfort in the living room and the bedroom respectively. By contrast, 
at the peak of the dry season in March, when the outdoor dry-bulb temperatures can be as high as 37˚C, 
it is predicted that there will be as many as 19 and 21 hours of thermal discomfort in the living room and 
the bedroom respectively.   
During the rainy season (May-October), the monthly maximum operative temperatures in both rooms 
are slightly higher or about the same as the outdoor dry-bulb temperatures. As shown in figure 2.11, the 
trajectory of the sun leads to more direct solar radiation on north facing surfaces from May to August. 
During this period, the levels of solar gain in both rooms will be higher than they are for most of the dry 
season because more light reaches W1, W2 and W4 (Figure 6.1). Higher levels of solar gain can contribute 
to an increase in the frequency of overheating indoors. Yet, there are six and ten hours of thermal 
discomfort a day, predicted in May at the start of the rainy season, whereas at the peak of the rainy 
season in July and August, there are only one and two hours of thermal discomfort in the living room and 
the bedroom.  
The calculation of the number of hours for the entire year, during which the temperatures are either 
below the lower limits or above the upper limits of the acceptable temperature, reveals that there will be 
as much as 2,624 and 3,254 hours of thermal discomfort in the living room and the bedroom respectively. 
All the calculated hours of thermal discomfort occur as a result of the operative temperatures in the 
rooms being higher than the upper limits of acceptability, without a single hour of thermal discomfort 
due to the operative temperatures in the rooms being below the lower limits of acceptability. The 
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calculated hours of overheating represent approximately a 30% and 37% frequency of thermal discomfort 
in the living room and the bedroom annually. 
The diurnal variations in the outdoor dry-bulb temperatures in Abuja are as significant as the seasonal 
variations. However, the difference between the monthly mean outdoor dry-bulb temperature in March 
(31.5˚C) during the dry season and August (24.3˚C) during the rainy season is about 7˚C, while in 
December the difference between the monthly maximum (35.2˚C) and the monthly minimum (18.2˚C) 
outdoor dry-bulb temperature is about 17˚C. Likewise, the difference between the monthly maximum 
outdoor dry-bulb temperature in July (28˚C) and the corresponding monthly minimum (21.4˚C) is about 
7˚C. The monthly maximum and minimum outdoor dry-bulb temperatures are an indicator of the peak 
temperatures in the afternoon and the lowest temperatures in the morning. Thus, examining the way 
that the building performs diurnally is as important as examining its monthly performance. In order to 
examine the effect of diurnal temperature change on the conditions in the rooms, a further evaluation 
was carried out by analysing the thermal conditions in each room on the 15th day of every month.  
Table 6.4 shows the predicted mean (Tomean), maximum (Tomax) and minimum (Tomin) operative 
temperatures in both the living room and the bedroom of case study building 1, in relation to the upper 
and lower limits of the acceptable temperature range for the 15th day of each month. The table also 
shows the calculated hours of thermal discomfort (HTD) for the 15th of each month. Alternatively, figures 
6.2 shows the predicted operative temperatures in the selected rooms in comparison to the outdoor dry-
bulb temperature and acceptable temperature range, while figures 6.3 and 6.4 show the relationship 
between the hourly operative temperatures, the hourly air temperatures, the hourly mean radiant 
temperatures and the hourly levels of solar gain on the days assessed. The air temperature is a measure 
of the convective heat transfer while the mean radiant temperature is a measure of the radiative heat 
transfer between an occupant and the internal environment (CIBSE, 2015). These two temperature 
measures were used in addition to the operative temperature measure to provide more information 
about the possible causes of overheating indoors. Likewise, the predicted hourly levels of solar gain are 
also used to examine the impact of direct solar radiation, entering the rooms through windows, on the 
internal temperatures.  
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Table 6.4 The mean, maximum, minimum operative temperatures and hours of thermal discomfort in selected rooms 
in RB1 on the 15th day of each month 
 Acceptability limits Case study building 1 (RB1) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 28.9 30.9 27.6 7 29.1 31.3 27.1 10 
DEC 29.3 22.3 29.4 32.0 27.6 12 29.3 31.9 26.8 12 
JAN 29.6 22.6 29.8 32.3 28.4 11 29.8 32.5 27.8 10 
FEB 30.5 23.5 31.3 33.2 29.5 14 31.9 34.0 29.7 18 
MAR 31.1 24.1 33.0 35.1 31.3 24 34.3 36.2 32.4 24 
APR 30.6 23.6 31.6 34.2 29.9 17 32.2 35.0 29.5 19 
MAY 29.8 22.8 29.7 31.6 28.5 11 30.0 32.1 28.3 13 
JUN 29.7 22.7 28.2 29.8 27.5 1 28.4 30.0 27.7 2 
JUL 29.0 22.0 27.6 28.7 26.7 0 27.3 28.7 26.0 0 
AUG 28.7 21.7 27.9 28.7 27.0 2 27.8 29.1 26.4 5 
SEP 29.0 22.0 28.0 28.7 27.3 0 28.3 29.6 26.8 7 
OCT 29.2 22.2 27.9 29.4 26.8 2 27.7 29.6 26.1 4 
Note: all values except HTD (hours) in ˚C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB1 on the 15th of each month during the dry and rainy season  
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During the dry season, it is anticipated that both rooms are thermally uncomfortable for more than half 
of the time assessed with indoor operative temperatures as high as 32°C and 35°C during the first and 
second half of the season respectively (as shown in Table 6.4. and Figure 6.2.). On March 15th, the 
predicted minimum operative temperatures are around 31.3°C and 32°C in the living room and the 
Figure 6.3 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB1 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.4 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB1 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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bedroom respectively, which is above the calculated upper limits of acceptability (31°C) on the day. 
Hence, both rooms are expected to be thermally uncomfortable throughout the day.  Given that the 
outdoor dry-bulb temperature can be as low as 19°C in the early morning, especially during November, 
December and January (Figure 6.5), it might be beneficial to adopt a better night time cooling routine 
during these months.  
The average hourly levels of solar gain in the living room and the bedroom during the rainy season 
(0.29kW and 0.15kW respectively) are higher than the average over the days of the dry season (0.21kW 
and 0.1kW respectively) due to the incidence of sunlight on the north facade during the rainy season. 
Despite the increased levels of solar gain in the rooms, the cooler outdoor temperatures during the rainy 
season have a more positive effect on the thermal conditions in both rooms. Apart from May 15th, when 
there can be as much as 11 and 13 hours of thermal discomfort in the living room and the bedroom 
respectively, on average there are only about 1 and 3 calculated hours of thermal discomfort in the living 
room and the bedroom accordingly on the other days examined during this season. Moreover, on 
average, the maximum operative temperatures in both rooms is only 0.5°C above the upper limits of 
acceptability, as compared to 1 to 5°C during the dry season. The operative temperatures in both rooms 
are within the acceptable range for thermal comfort throughout July 15th.  
In general, the results seem to suggest the need to explore design options that can assist in reducing the 
high operative temperatures, which are likely to occur particularly during the dry season. Overall, the 
results show that the living room is uncomfortable for 35% of the period assessed while the bedroom is 
uncomfortable for 43% of the period assessed on the 15th of each month. Throughout the days examined, 
the predicted maximum operative temperature in the bedroom is higher than it is in the living room. This 
is likely because the bedroom has a window area of 1.6m2, which is about half the size of the window 
area of the living room (3.6m2) and an external surface area that is more than twice as large (see table 
6.1.). Further analysis was conducted to assess the impact of the variation in the facade configuration of 
both rooms on the level of discomfort. As shown in Figure 6.4 to 6.7, the levels of solar gains in the living 
room are constantly higher. The average solar gains over the days examined are 0.25kW and 0.13kW for 
the living room and the bedroom respectively and the maximum level of solar gain predicted is around 
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0.6kW in the living room and 0.3kW the bedroom respectively, which occurs on the 15th of June. The 
difference in the level of solar heat gain in the rooms is mostly the result of the fact that the fenestration 
factor (window to floor area ratio) of the living room (17%) is larger than that of the bedroom (11.4%). 
While the solar gain contributes to the increase in temperatures (particularly on the days during the rainy 
season when the sun is in the north), overall, the mean radiant temperature and air temperature in the 
bedroom are often higher. 
The results also suggest that heat conducted and radiated through the external walls (13.2m2 and 23.4m2 
for the living room and the bedroom respectively) has more of an impact on thermal discomfort in this 
case than that radiated through the windows. Adding a larger secondary window in the living room and 
another window on the adjacent wall in the bedroom might help improve ventilation and cool the space 
down considerably at night. On the other hand, a limited external window or wall area exposed to solar 
radiation through shading can be beneficial. However, the use of shading to improve the thermal 
performance of the rooms will have an impact on the amount and distribution of daylight in both rooms. 
Further analysis was carried out in the next chapter to assess the impact of the building fabric, window 
sizes and shading components on comfort in selected rooms. 
6.2.1.2 VISUAL CONDITION ANALYSIS 
While the radiant energy from the sun is a primary source of heat in naturally ventilated buildings, 
considerable importance needs to be attached to the role of daylight, as well as natural ventilation, in 
order to reduce the use of electrical energy in the building (SLL, 2014). With the intention of examining 
how daylight enters and illuminates the rooms, as well as the effect it will have on the occupants of each 
room, the average daylight illuminance values and the uniformity ratio predicted on the working plane in 
either of the selected rooms, are shown in Figure 6.5 and 6.6. Illustrations of the pattern of its distribution 
across the spaces are also shown in Figures 6.7 and 6.8. Additionally, table 6.5 shows the mean (Eimean), 
maximum (Eimax), and minimum (Eimin) illuminance levels predicted across the working plane in the rooms, 
as well as the calculated hours of visual discomfort (HVD) on the 15th of each month. 
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Table 6.5 The mean, maximum, minimum illuminance levels across the working plane and hours of visual discomfort 
in selected rooms in RB1 on the 15th day of each month 
 Acceptability limits Case study building 1 (RB1) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 277.1 453.2 85.5 1 146.2 182.6 56.1 2 
DEC 500 100 299.1 546.8 96.0 3 143.4 179.3 62.0 2 
JAN 500 100 289.2 512.6 90.0 2 139.6 170.5 61.1 2 
FEB 500 100 261.2 363.2 93.7 1 148.7 184.0 61.7 3 
MAR 500 100 273.7 368.9 120.0 0 177.9 236.2 94.5 1 
APR 500 100 356.1 549.4 191.7 2 241.9 368.9 103.8 0 
MAY 500 100 339.5 504.0 146.3 1 245.2 467.5 108.7 0 
JUN 500 100 655.1 974.8 193.7 8 447.0 665.3 129.5 6 
JUL 500 100 656.9 983.9 169.4 8 441.4 671.5 120.5 6 
AUG 500 100 662.6 999.5 157.4 8 451.2 683.6 107.2 6 
SEP 500 100 290.1 460.3 14.8 1 189.1 295.6 67.2 2 
OCT 500 100 211.3 316.8 41.0 1 141.6 241.3 55.2 2 
Note: all values except HVD (hours) in Lux 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB1 
on the 15th of each month during dry and rainy season 
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Figure 6.7 Images of illuminance levels on working plane of the living room in RB1 at 1pm on the 15th of each month 
 
 
 
 
 
 
Figure 6.6 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB1 on 
the 15th of each month during dry and rainy season 
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Figure 6.8 Images of illuminance levels on working plane of the bedroom in RB1 at 1 pm on the 15th of each month 
For most of the dry season, the average illuminance levels in the living room are sufficient for visual 
comfort (100-500lux) and there are one to three hours of insufficient illumination per day on the days 
during the first three months of the dry season (Figure 6.5). The illuminance values predicted in the 
bedroom (Figure 6.6) are relatively lower, yet, there are only two hours of insufficient daylight 
illumination on the days during the first three months of the dry season. The predicted hours of 
insufficient illuminance levels in both rooms occur around sunrise and sunset. However, figures 6.7 and 
6.8 show that the levels of daylight illuminance in the area by the window of either room are often above 
500 lux around midday. By contrast, the levels of illuminance at the rear end of the rooms are about 80% 
lower compared to the values predicted in the area near the window.   
As previously stated in Chapter five the Chartered Institute of Building Services Engineers (CIBSE, 2006) 
recommend that the uniformity ratio of daylighting should be above 0.3 for side-lit rooms. That said, the 
uniformity ratio in the living room is only above 0.3 for 3 hours on November, December, January and 
February 15th; whereas the uniformity ratio of daylight in the bedroom is below 0.3 throughout the days 
assessed during the dry season. As discussed in Chapter four, the position of windows in a wall has an 
important role to play in achieving the desired daylight distribution in a space. Windows in more than one 
wall can improve the uniformity of the daylighting by creating multiple openings, through which daylight 
can enter the room to different depths. Moreover, having windows on opposite or adjacent walls in a 
room increases the ventilation rate on hot days, thereby, mitigating the effects of solar gain (SLL, 2014). 
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Around midday on May 15th, the average illuminance level is around 197lux and 140lux in the living room 
and the bedroom respectively. These values are significantly lower than the values (Figures 6.5 and 6.6) 
predicted in the morning and afternoon. This is likely to be the case because the roof’s overhang is able 
to provide some shading from the sun when it is at a higher altitude (Figure 6.9). Thus, indicating that 
roof overhangs can be an effective form of solar shading. 
 
 
 
 
 
On June, July and August 15th there are several discomfort hours (eight hours) in the living room, as more 
sunlight reaches the north facade of the building due to the sun’s northerly location in the sky during this 
period. Moreover, the increased levels of diffused skylight during the rainy season also contribute to the 
high levels of daylight illuminance on June, July and August 15th. Unlike direct beams of sunlight, diffused 
skylight has no specific angle of incidence. Thus, it is often more difficult to obstruct (Athienitis & 
Tzempelikos, 2002). The highest average illuminance level in the living room and bedroom predicted on 
these three dates are about 49% and 25% higher than the upper limit of acceptable illuminance for visual 
comfort.   
As expected, most of the solar radiation entering the rooms is notably higher in areas around the window 
(Figures 6.7 and 6.8). The uniformity ratio of daylight in both rooms is low throughout the days assessed 
during the rainy season (around 0.2), because the daylight penetration to the areas further away from 
the window is low. With regards to the living room, the daylight entering through the small window on 
the south facade is often obstructed by the stairway on the south facade of the building (Figure 6.9). 
Having a larger window area in the room’s north facing wall will not substantially improve daylight 
distribution because the effectiveness of having a larger window diminishes disproportionately at 
Figure 6.9 Section through living room in RB1 showing the altitude angle of the sun around midday on May 15th 
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distances further away from the window wall (Chou, 2004). Alternatively, the uniformity of light 
distribution in the room can be improved by increasing the reflectiveness of the internal surfaces of the 
rooms. This approach can be particularly useful in unilaterally side-lit rooms (Tregenza & Wilson, 2011). 
On the other hand, creating a secondary opening for the bedroom can help improve the distribution of 
daylight, while also enhancing the cross ventilation through the space.  
The analysis of the average illuminance values suggests that the living room and the bedroom are visually 
uncomfortable for 25% and 22% of the period assessed. The level of daylight illuminance in both rooms 
is primarily influenced by the northern orientation of the main windows, which effectively limits solar 
radiation reaching the building during the dry season when the sun is in the south. Although more direct 
sunlight enters the rooms during the rainy season when the sun is in the north, due to increased cloud 
cover the average daily solar radiation during this season is significantly lower than the radiation during 
the dry season (Figure 6.10).  
The results reveal that the daily levels of solar gain in the living room and the bedroom respectively, are 
32% and 34% higher on the days assessed during the rainy season, as compared to the days assessed 
during the dry season. Moreover, the frequency of visual discomfort in the living room and the bedroom 
are 25% and 17% greater during the rainy season. Given the sun’s northern trajectory for most of the 
rainy season, the results suggest that there might be a need for some form of rigid external shading 
around the north facing windows, in order to provide a more comfortable environment in the rooms, 
particularly during the rainy season. 
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Figure 6.10 Average daily solar radiation for each month in Abuja (Osueke, Uzendu, & Ogbonna, 2008)  
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It is likely that the task being undertaken at a given place may change with time, as may the preference 
of the person using the space. Thus, providing control systems that enable occupants to make 
adjustments to the visual environment is often a good idea (CIBSE, 2015). It is important to keep in mind 
that none of the results presented consider the role of occupants in adjusting flexible shading screens, 
such as curtains and blinds, to control the visual environment. A key consideration of the analysis is the 
degree to which sunlight should be allowed to enter the rooms, given that the associated solar gain will 
be likely to contribute to thermal discomfort. Thus, with regards to shading and control devices, the 
analysis in this study focuses on external shading elements that block, filter or redirect sunlight before it 
enters a room.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter six 
Page 199 of 431 
 
6.2.2 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 2 (RB2) 
  
 
 
 
 
 
 
 
 
6.2.2.1 THERMAL CONDITION ANALYSIS 
Table 6.6 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB2 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 2 (RB2) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 29.0 32.2 26.5 13 28.5 31.3 26.1 7 
DEC 26.1 35.2 18.2 29.4 22.4 29.5 33.7 26.3 10 28.6 32.0 25.7 8 
JAN 27.3 34.5 20.8 29.7 22.7 30.4 34.0 27.6 13 29.8 32.8 27.2 11 
FEB 30.0 36.0 24.3 30.4 23.4 32.4 35.9 29.4 17 32.0 35.1 29.3 16 
MAR 31.5 37.0 26.4 31.0 24.0 33.3 36.5 30.4 19 33.2 36.2 30.4 19 
APR 29.2 34.9 24.3 30.7 23.7 31.2 33.9 28.9 12 31.3 34.0 29.0 13 
MAY 26.9 30.9 23.4 29.8 22.8 29.3 31.3 27.8 7 29.4 31.5 27.8 8 
JUN 26.1 29.8 22.8 29.5 22.5 28.2 30.0 26.6 5 28.3 30.2 26.7 5 
JUL 24.6 28.0 21.4 29.0 22.0 27.1 28.6 25.6 1 27.1 28.8 25.5 2 
AUG 24.3 28.4 21.7 28.9 21.9 27.2 28.7 25.6 1 27.2 28.8 25.5 2 
SEP 25.1 29.7 21.6 29.0 22.0 27.8 29.8 26.1 4 27.8 29.8 26.0 5 
OCT 25.3 30.1 21.6 29.2 22.2 28.0 30.2 26.2 4 27.8 30.0 26.0 4 
YEAR 26.9 32.2 22.3 29.7 22.7 29.4 32.1 27.2 9 29.2 31.7 27.1 8 
Note: all values except HTD (hours) in ˚C 
During the dry season, the living room and the bedroom both have monthly maximum operative 
temperatures that are lower than the monthly maximum outdoor dry-bulb temperatures for the 
corresponding months (Table 6.6). On average, the daily maximum operative temperatures in the living 
room and the bedroom are 0.6˚C and 1.4˚C lower than the monthly maximum outdoor dry-bulb 
temperatures respectively. In December, the difference between the monthly maximum operative 
temperature in the living room (33.7 ˚C) and that of the bedroom (32˚C) is 1.7˚C. However, both rooms 
have windows on the north and south facade, which have no obstructions limiting solar radiation; the 
Figure 6.11 Plan of selected rooms in case study building 2 
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main window area of the living room is on the south facade while that of the bedroom is on the north 
facade. During the dry season, there are higher levels of solar heat gain in the living room, primarily, 
because the sun is at a lower altitude angle in the south. Consequently, there can be as much as 10 to 13 
hours of thermal discomfort a day in the living room while there are two to six fewer hours of thermal 
discomfort a day predicted for the bedroom during the first three months of the dry season. In March, It 
is predicted that the monthly mean operative temperature in both rooms will be about 2˚C above the 
upper limits of acceptable temperatures, leading to as many as 19 hours of thermal discomfort in both 
rooms daily.  
At the start of the rainy season in May, there can be as much as seven and eight hours of thermal 
discomfort per day in the living room and the bedroom respectively. Nevertheless, the calculated monthly 
maximum operative temperature in both rooms are within the acceptable range in July and August, which 
are the months with the least average daily hours of thermal discomfort (one and two hours in the living 
room and the bedroom correspondingly).  At the end of the rainy season in October, occupants are likely 
to experience an average of four hours of thermal discomfort a day in both rooms, but the estimated 
maximum operative temperatures are only about 1˚C above the upper limits of acceptable temperatures.  
In general, it is predicted that there will be 3,127 and 3,041 hours of thermal discomfort in the living room 
and the bedroom accordingly, during a typical year. This represents approximately 36% and 34.7% of the 
year. The fluctuations between the monthly maximum and minimum operative temperatures in both 
rooms in RB2 are on average about 6˚C. This suggests that the convective heat losses in both rooms in 
RB2 (which have windows on opposite walls) can lead to cooler conditions indoors when the outdoor dry-
bulb temperatures are lower. However, the southern trajectory of the sun and clear sky conditions in 
Abuja during the dry season lead to more direct solar radiation reaching the south facing areas of RB2. 
During the rainy season, more direct solar radiation reaches the north facade of the building. Thus, the 
impact of solar radiation entering both rooms through the windows on the north facade, as well as the 
south facing windows, should be considered in order to reduce the degree of thermal discomfort as a 
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result of solar heat gain. Shading is required around the windows in both rooms to improve the thermal 
condition in both rooms.  
The sun’s lowest altitude angle around solar noon during the winter solstice in Abuja is 57° (33° south of 
the vertical plane), while its furthest altitude angle around solar noon during the summer solstice is 105° 
(15° north of the vertical plane) (Figure 6.12). Thus, as a rule, it can be assumed that the projection length 
required for a horizontal shading element, to block out most of the sunlight reaching the north facing wall 
area of a building around midday, should be about half the size required for the south facing wall area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12 Influence of horizontal shading on incidence of direct solar radiation on south and north facing walls around 
midday on December and June 21st in Abuja  
Figure 6.13 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB2 on the 15th of each month during the dry and rainy season 
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Figure 6.13 shows that on the days during the dry season, both rooms are thermally uncomfortable for 
more than half of the time assessed. On November, December and January 15th, the predicted mean 
operative temperatures calculated for the living room are about 0.4°C to 0.8°C higher than those for the 
Figure 6.14 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB2 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.15 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB2 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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bedroom. This primarily because more sunlight reaches the living through the large south facing window 
(Figure 6.14). By contrast, on February, March and April 15th, the maximum operative temperatures 
range between 35°C to 36°C in both rooms. On March 15th, the operative temperatures are above the 
acceptable range throughout the day in the bedroom, while the living room’s operative temperatures are 
only within the acceptable range for three hours.  
On May 15th, there are 13 and 11 hours of thermal discomfort calculated for the living room and the 
bedroom. However, there are only three hours of thermal discomfort in both rooms on June 15th, and 
the operative temperatures predicted in both rooms are within the acceptable range for thermal comfort 
throughout the day on July 15th. Moreover, on July, August, September and October 15th, the maximum 
operative temperatures predicted are less than 0.5˚C above the upper limits of acceptability.   
Although the predicted occurrences of thermal discomfort on the days during the rainy season are less 
frequent, the temperatures experienced are still closer to the upper limits of the acceptable temperature 
range. Given that the north facade of the building is exposed to more direct solar radiation from May to 
August, there is an opportunity to improve the thermal performance of both rooms by employing shading 
devices around the windows on the north façade as well as the south facade. The conditions in both 
rooms are fairly similar during the rainy season. This is partly due to the fact that, the fenestration factor 
of the living room (18%) and the bedroom (20%) are similar. As a result, during the rainy season when the 
levels of solar radiation are lower than during the dry season, the hourly operative temperatures in both 
rooms are similar. 
Overall, the results suggest that the living room is uncomfortable for 42% of the period assessed, while 
the bedroom is uncomfortable for 40% of the period assessed. As previously stated, the large south-facing 
window in the living room will contribute significantly to the level of overheating, especially when the sun 
is at a lower altitude angle in the south (57°C to 67°), as it is the case from November to February. The 
results of the analysis suggest that cross ventilation through the rooms can be an effective way of 
providing thermal comfort at certain times of the day and can be improved upon by having larger window 
areas that can be opened. However, the level of solar gain in the living room in RB2, especially during the 
dry season, contributes to the higher operative temperatures in the room and leads to more frequent 
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thermal discomfort. Thus, the positive effects of having a larger window area for increasing cooling 
through cross ventilation may be counteracted by the contribution of solar gain to overheating in the 
room if the window area is not adequately shaded.   
In March and April, when the sun is around the equinox and the average daily solar radiation in Abuja is 
typically at its highest level (6.5kW/m2/day) (Osueke et al., 2008), the sun is at an angle that is almost 
directly overhead around midday. During this period, it can be argued that the orientation of window 
walls, exposed external wall area and the use of horizontal shading have a limited impact on reducing the 
frequency of thermal discomfort. Thus, it might be more beneficial during this period to have a roof 
structure with a lower thermal transmittance, in order to reduce the amount of heat gain in the rooms. 
Further analyses of the impact of orientation, shading and u-value on the levels of thermal discomfort in 
selected cases will be carried out in the next chapter. 
6.2.2.2 VISUAL CONDITION ANALYSIS 
The likely impact of the visible radiation on visual comfort in the rooms was also assessed. The average 
daylight illuminance values and uniformity ratio predicted on the working plane in both of the selected 
rooms are illustrated in Figures 6.16 to 6.19.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB2 
on the 15th of each month during dry and rainy season 
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Figure 6.18 Images of illuminance levels on working plane of the living room in RB2 at 1pm on the 15th of each month 
 
 
 
 
 
Figure 6.17 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB2 
on the 15th of each month during dry and rainy season 
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Figure 6.19 Images of illuminance levels on working plane of the bedroom in RB2 at 1 pm on the 15th of each month 
The average illuminance values predicted in the living room on the days during the dry season (Figure 
6.16) are only within the acceptable range at 7 am and 6 pm. On November, December, January and 
February 15th, there are ten to eleven hours of visual discomfort in the room. Figure 6.18 indicates that 
the levels of illuminance in areas around the south facing window are often above 1000lux around 
midday. The analysis of the results also shows that the uniformity of daylight distribution across the room 
is below 0.1, whenever the illuminance levels are above 1200lux. Moreover, the uniformity of daylight 
distribution in the room is constant below 0.3, even on March and April 15th when the maximum 
illuminance levels in the room are over 80% lower than the maximum levels predicted on December 15th. 
As anticipated, the southern orientation of the main window area of the room leads to high levels of 
illuminance in the room, particularly around midday. Nevertheless, the illuminance levels at the rear end 
of the room often remain at around 100lux because the room is over 6m deep. Rooms with more even 
daylight distribution often appear brighter than those with uneven lighting distribution (Fontoynont, 
2002). Thus, the contrast between the intensity of illuminance at the front and at the rear can cause 
occupants to perceive that the areas further away from the window are insufficiently day-lit (Meek & Van 
Den Wymelenberg, 2015). Hence, they might use artificial lighting in parts of the room even when the 
daylight is actually sufficient.  
On November and December 15th, it is predicted that there are five and six hours of visual discomfort in 
the bedroom. There are also five hours of visual discomfort on January 15th. The highest illuminance level 
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in the bedroom calculated during this period is approximately 1,830lux, which is around three times 
higher than the level recommended for visual tasks of high contrast and small size. Figure 6.19 shows that 
on November, December and January 15th direct sunlight enters the room through the small window on 
the south facing wall of the room, and most likely contributes to the high levels of illuminance around 
midday. There are also five hours of visual discomfort predicted on February and April 15th, but it is 
anticipated that there will be two fewer hours of visual discomfort in the room on March 15th. Unlike the 
living room, the uniformity of daylight in the room on March 15th is constantly around 0.4 (which is 
preferable). Overall, the uniformity of daylight in the room fluctuates between 0.4 and 0.2; Figure 6.17 
shows that the uniformity ratio is above 0.3 at times when the level of illuminance across the room is 
below 580lux.  
The impact of the suns movement from south to north on the levels of daylight in both rooms is evident 
at the start of the rainy season. On May 15th, there are five hours of visual discomfort in the bedroom 
but the average illuminance levels in the living room are within the acceptable range throughout the day. 
Nevertheless, on June, July and August 15th there is more diffused solar radiation, because of the 
increased cloud cover in Abuja at that time. As a result, the levels of illuminance predicted in both rooms 
around midday are above 1,300lux (Figures 6.16 and 6.17). It is calculated that there will be ten hours of 
visual discomfort in the rooms on these days. The anticipated visual conditions in both rooms are better 
on September 15th, as there are six and three hours of discomfort in the living room and the bedroom 
respectively on these days. However, the rooms are expected to perform very differently on October 
15th. Ten hours of visual discomfort are predicted for the living room, nine of which are due to the high 
contribution of direct sunlight, due to the sun being at an angle of 71˚ in the south. In contrast, there is 
only an hour of visual discomfort in the bedroom, which is due to insufficient illuminance levels at 6 pm.  
Although the uniformity of illuminance in the living room on the days during the rainy season are poor 
(around 0.2), the uniformity of illuminance in the bedroom are significantly better (around 0.3). Figure 
6.18 shows that the levels of illuminance in the area of the living room between the south facing window 
wall area and the north facing window wall area are often twice as high as the illuminance at the rear end 
of the room during the rainy season, as well as the dry season.  
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The results predict that the living room and the bedroom are visually uncomfortable for approximately 
68% and 47% of the period assessed. As expected, the visual performance of both rooms is influenced by 
the movement of the sun, from the south to the north, over the course of the year in Abuja. When the 
sun is in the south, the frequency and intensity of illuminance in the living room is often quite high due 
to the altitude angles of the sun and clear sky conditions during the dry season. This also explains the high 
intensity of direct sunlight entering the bedroom through the small window on the south facade, 
especially on the days during the first three months of the dry season. By contrast, when the sun is in the 
north, as it is for a majority of the rainy season, its lowest altitude angle is 15˚ and there is greater cloud 
cover throughout that time. Thus, during this period, there is more diffused solar radiation entering both 
rooms and direct sunlight reaching the north facing window of the bedroom, which leads to both rooms 
having similar levels of illuminance, especially on June, July and August 15th. 
The rooms in RB2 have unshaded windows on both south and north facing walls, but the bilateral 
daylighting in the living room is less effective because both windows in the room mainly serve the front 
part of the room. Moreover, the levels of direct sunlight entering the living room through the large 
unshaded south facing window, particularly during the dry season, is often very high but does not lead to 
good daylight distribution across the room. It is worth noting that on the days during the dry season the 
uniformity of daylight distribution in the living room in RB1 (around 0.3), which is 6.3m deep, is better 
than that of the living room in RB2 (0.2), which is 5.8m deep. The distribution of daylight in the living 
room in RB2 is less uniform. This is primarily because the illuminance levels in the area near the window 
are often more than ten times higher than the illuminance levels around the wall opposite the main 
window wall.  
The analysis of the rooms in RB2 shows that there is a higher frequency of thermal and visual discomfort 
when more direct solar radiation reaches the main window area of the rooms. Hence, shading elements 
are required to reduce the levels of sunlight reaching the room. Horizontal shading devices, such as 
overhangs, can be effective, particularly in the afternoon. However, there are periods after sunrise and 
before sunset, when vertical fins are needed to block unwanted solar gain. Simple egg-crate shading 
devices have been incorporated into the design of some residential buildings in Abuja, as shown in Figure 
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6.20. However, some of the residents have had to retrofit the buildings with shading devices with longer 
projections to improve their effectiveness. Figure 6.21 shows that some residents in RB2 have resorted 
to fitting similar shading devices over the windows on the north facade, while others have opted to 
replace the original glazing with tinted glass to reflect sunlight and reduce the visual transmittance of the 
windows. The use of shading to improve the thermal and visual conditions in Abuja’s residential buildings 
is examined and discussed in more detail in the next chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.20 Residential building in Abuja with egg-crate shading (Abdulkareem, 2013) 
Figure 6.21 North facade of Case study building 2 showing retrofitted overhangs and reflective glazing (Abdulkareem, 
2014) 
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6.2.3 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 3 (RB3) 
 
 
 
 
 
 
 
 
 
6.2.3.1 THERMAL CONDITION ANALYSIS 
Table 6.7 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB3 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 3 (RB3) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 28.3 30.6 26.7 10 28.8 31.8 26.6 8 
DEC 26.1 35.2 18.2 29.4 22.4 28.4 31.3 26.5 7 29.2 33.2 26.3 9 
JAN 27.3 34.5 20.8 29.7 22.7 29.4 31.9 27.6 9 30.0 33.4 27.5 11 
FEB 30.0 36.0 24.3 30.4 23.4 31.4 34.2 29.2 15 31.9 35.3 29.3 16 
MAR 31.5 37.0 26.4 31.0 24.0 32.6 35.3 30.3 18 32.8 36.0 30.1 18 
APR 29.2 34.9 24.3 30.7 23.7 30.9 33.2 29.0 11 31.0 33.7 28.9 12 
MAY 26.9 30.9 23.4 29.8 22.8 29.1 30.7 28.0 6 29.1 31.0 27.8 6 
JUN 26.1 29.8 22.8 29.5 22.5 28.2 29.7 27.0 4 28.2 29.9 26.9 4 
JUL 24.6 28.0 21.4 29.0 22.0 27.2 28.4 26.1 1 27.3 28.6 25.9 1 
AUG 24.3 28.4 21.7 28.9 21.9 27.3 28.4 26.2 0 27.3 28.8 26.0 1 
SEP 25.1 29.7 21.6 29.0 22.0 27.8 29.2 26.6 3 27.8 29.6 26.4 3 
OCT 25.3 30.1 21.6 29.2 22.2 27.8 29.4 26.6 2 28.0 30.0 26.5 4 
YEAR 26.9 32.2 22.3 29.7 22.7 29.0 31.0 27.5 7 29.3 31.8 27.3 8 
Note: all values except HTD (hours) in ˚C 
Although the values in table 6.9 seem to suggest that both rooms have design characteristics that, to 
some extent, can limit the amount of heat gain received by the rooms, occupants are still likely to 
experience thermal discomfort at certain times during the dry season. The monthly maximum operative 
temperatures in the living room and the bedroom in December, are 3.9˚C and 2˚C lower than the monthly 
maximum outdoor dry-bulb temperature. Yet there are seven and nine predicted hours of thermal 
discomfort a day in the living room and the bedroom in December. From February to March, the monthly 
mean operative temperatures are above the acceptable limits in both rooms by about 1°C to 1.8˚C. As 
Figure 6.22 Plan of selected rooms in case study building 3 
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with the rooms in the two previous cases, the highest daily frequency of thermal discomfort per day, that 
is likely to be experienced in both rooms, occurs in March. Nevertheless, there are, on average, 18 hours 
of thermal discomfort per day in both rooms in March, which is one to two hours less of thermal 
discomfort than is likely to be experienced in the rooms in the two previous cases during this month. 
In May, the monthly mean operative temperatures in both rooms are below the upper limit of 
acceptability (29.8˚C), yet there are still six hours of thermal discomfort a day in both rooms. Whereas in 
in June, there are four hours of thermal discomfort daily calculated for either room, there is only one 
hour of thermal discomfort predicted in the rooms. In August, it is predicted that the temperatures in the 
living room are within the acceptable range throughout the month, while there is only one hour of 
thermal discomfort a day in the bedroom.  It is worth noting that the living room has a single 1m2 window 
(W1) (Figure 6.22) on the north facing wall of the building, which is shaded by a veranda with a roof 
overhang, approximately 1.5m in depth. Thus, only the west facade of the room is fully exposed to direct 
solar radiation, even when the sun is on a northerly trajectory. This might also explain the four hours of 
thermal discomfort predicted in the bedroom in October, as compared with the two hours of thermal 
discomfort in the living room.  
Overall, it is predicted that there will be 2,427 hours and 2,833 hours of thermal discomfort in the living 
room and the bedroom respectively, during a typical year. This indicates that the living room and the 
bedroom will be thermally uncomfortable for approximately 28% and 32% of the year. Both the rooms in 
RB3 have the same size of floor area (9m2) and external wall area (18.3m2), but the orientation and 
window area for both rooms are significantly different (Figure 6.22). However, the living room is 
orientated north and has a fenestration factor around 11%, while the bedroom is orientated south and 
has a fenestration factor that is almost three times greater (28%). The combination of these design 
characteristics and the shading component over the north facade of the living room seems to contribute 
to the 4% difference in the frequency of thermal discomfort predicted in both rooms.  
As with the examination of the previous cases, the predicted temperatures and levels of solar gain in both 
rooms in RB3, on the 15th day of each month, are presented in figures 6.23 to 6.25. 
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Figure 6.24 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB3 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.23 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB3 on the 15th of each month during the dry and rainy season 
Chapter six 
Page 213 of 431 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both rooms in RB3 have similar sized floor areas, but differ in terms of their orientation and facade 
configuration. While the living room has a 1m2 window (W1) on the north facing wall, which is shaded by 
the building’s veranda, the bedroom has a window on the south and west facade (W2 and W3), which 
have a combined area of 2.6m2. In addition to its southerly orientation, the fenestration factor in the 
bedroom is nearly three times that of the living room (28%). The variation in the design characteristics of 
the two rooms seems to have a significant impact on the internal conditions. As shown in figures 6.24 and 
6.26, the predicted air and mean radiant temperatures in the bedroom are higher than those in the living 
room around midday on all the days assessed during the dry season, except March 15th. On December 
15th, the maximum air and mean radiant temperatures, as well as the operative temperature in the 
bedroom, are about 2°C higher than those in the living room. The same trend is also seen on November, 
January, February and April 15th. However, on March 15th the maximum air temperature in the bedroom 
(35°C) is slightly lower than that of the living room (35.3°C), and the maximum mean radiant temperatures 
in both rooms is around 36°C. The similarity of the temperatures in both rooms around March, can be 
attributed to the fact that the sun is close to being directly overhead around the equinox. Thus, the solar 
gain reaching the walls of the building (the south facing wall in particular) is reduced.  
Figure 6.25 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB3 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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The predicted operative temperatures in the living room are above the acceptable range throughout the 
day on March 15th, while there are five fewer hours of thermal discomfort calculated in the bedroom. 
The difference between the predicted frequencies of thermal discomfort in the rooms occurs because 
the predicted air temperatures in the bedroom are lower than the air temperatures in the living room in 
the morning on March 15th. When the sun is around the equinox, the outdoor air temperature in Abuja 
is very high. During this period the cooling by cross ventilation (especially in the morning), which is 
possible because of the size and position of the windows in the bedroom, seems to be more advantageous 
than the combination of the shading component on the north facade and the small window area of the 
living room.  
Apart from May 15th, when there are 10 and 13 hours of thermal discomfort in the living room and 
bedroom respectively, on average there are about one and two hours of thermal discomfort in the rooms 
over the remaining five days assessed during the rainy season. On June 15th, although the midday sun is 
around its lowest angle (75˚) in the north, the predicted operative temperatures in the living room remain 
below the limits of acceptability throughout the day. The results reveal that the calculated average hourly 
levels of solar gain during the rainy season (0.06kW) are only slightly higher than those calculated for the 
days during the dry season (0.05kW). This indicates that, despite more solar radiation on the north facade, 
the combination of the veranda and the small window area limits the contribution of solar gain to 
overheating in the room.  
Overall, the results suggest the living room is uncomfortable for 32.6% of the period assessed, while the 
bedroom is uncomfortable for 36.1% of the same period. Although both rooms are significantly different 
in terms of orientation and façade configuration, the differences only amount to a 3.5% gap in frequency 
of thermal discomfort. The similarity in the frequency of thermal discomfort might be related to the fact 
that both rooms have the same compactness ratio (0.78). The cross ventilation, which is made possible 
by the positioning of the windows in the bedroom on adjacent walls, can be an effective approach for 
facilitating convective heat loss (particularly around March). However, the absence of shading 
components around the openings, can lead to high levels of solar gain in the room around midday and 
late afternoon. This cancels out the positive effect of having cooler air temperatures in the morning and 
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affects the overall frequency of thermal discomfort. By contrast, the shading of the window wall in the 
living room appears to be an effective element for reducing the amount of solar radiation received by the 
room. Extended roof overhangs and verandas were common in the traditional architecture of Nigeria. 
The rooms in those dwellings often only had a single opening, facing the veranda (Figure 6.26), and most 
of the daily activities were performed in outdoor spaces within the residential compound (Dmochowski, 
1990c). However, in a more contemporary context, occupants expect to perform most visual tasks and 
daily activities indoors. Re-introducing these specific design elements can assist in improving the thermal 
conditions in buildings. However, there needs to be a balance between adequate shading for thermal 
comfort and allowing sufficient daylight levels for the performance of tasks. 
 
 
 
6.2.3.2 VISUAL CONDITION ANALYSIS 
The impact of the shading components and the fenestration factors on the daylighting conditions in both 
rooms, is illustrated in figures 6.27 to 6.30.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.26 Section through one of the courtyards in Akure palace (south-west of Nigeria) (Dmochowski, 1990c)  
Figure 6.27 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB3 
on the 15th of each month during dry and rainy season 
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Figure 6.29 Images of illuminance levels on working plane of the living room in RB3 at 1 pm on the 15th of each month 
Bedroom 
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Figure 6.30 Images of illuminance levels on working plane of the bedroom in RB3 at 1 pm on the 15th of each month 
Figure 6.28 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB3 
on the 15th of each month during dry and rainy season 
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On the 15th of November, December, January and February, the average illuminance levels predicted in 
the living room around midday, range between 111lux and 121lux (Figure 6.27). The average illuminance 
levels, in the early morning and late afternoon on these days, are often insufficient for performing simple 
visual tasks (ranging between 45lux and 96lux). On November, December, January and February 15th, 
there are three to four hours of insufficient daylight calculated for the living room. In comparison, on 
March and April 15th, the average illuminance levels in the room around midday are about 194lux and 
302lux. There are only two hours of insufficient natural lighting on March 15th, while the average 
illuminance levels predicted are within the acceptable level throughout April 15th. Yet, the uniformity 
ratio of illuminance levels in the room is low (between 0.15 and 0.2) on all the days assessed during the 
dry season. Figure 6.29 shows that around midday, the daylight entering the room only provides sufficient 
illumination in the areas close to windows. While the sun is in the south, the amount of direct sunlight 
reaching the north facade of the building is limited. The combination of the roof’s overhang, which is 
about 1.5m deep, and the small window area (1m2) further limits the level of daylight entering the room.  
As expected, the daylighting conditions in the bedroom, which has a south facing window and a much 
larger fenestration factor (31%) than that of the living room (11%), are very different. The predicted 
illuminance levels in the bedroom are often excessive during the days assessed. On November, 
December, January and February 15th, it is calculated that there are 11 hours of high daylight illumination 
levels in the room, while there are eight to ten hours of excessive illuminance on the other days assessed 
during the dry season. As shown in figure 6.28, such high levels of illuminance are particularly notable in 
the later hours of the afternoon, when the sunlight is at a lower angle in the sky and enters the room 
through the unshaded window on the west facade. The uniformity ratio of illuminance in the bedroom is 
around 0.4 when the illuminance levels are below 1,000lux (Figure 6.28), but the uniformity ratio can be 
as low as 0.1 when the illuminance levels across the room are extremely high. 
The highest levels of illuminance predicted for the living room on the days during the dry season is around 
303lux and occur on the 15th of April, when the sun is almost directly overhead around midday. By 
contrast, the highest levels of illuminance predicted for the bedroom are over 12,700lux and occur 
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around sunset on March 15th, when the average solar radiation level in Abuja is typically at its peak 
(Figure 6.10).  
The combination of the shading, provided by the overhang above the veranda, and the small window area 
of the living room should also explain the two to three hours of insufficient illuminance predicted in the 
room on the days assessed during the first four months of the rainy season. Yet, the average illuminance 
levels predicted in the room around midday, range between 308 and 550lux (6.27) on these days. As 
previously mentioned, more natural light reaches the north façade of buildings in Abuja during the rainy 
season, hence, on June, July and August 15th there are three to five hours of visual discomfort in the 
room due to high illuminance levels. There are also four and five hours of visual discomfort in the living 
room on September and October 15th, which again can be attributed to the low illuminance values 
reaching the room. Moreover, the uniformity ratios on the days assessed during the rainy season are also 
below 0.2.  
The daylighting conditions in the bedroom are slightly better at the start of the rainy season, than during 
the rest of the season. Based on the calculated results, there are only five hours of high illuminance levels 
on May 15th, while there are between 10 to 11 hours of high illuminance levels in the bedroom on June, 
July and August 15th. The uniformity ratios on these three days are constantly around 0.4. Figure 6.30 
shows that around midday, the illuminance in most parts of the room is high on these days. On September 
15th, there are eight predicted hours of visual discomfort in the bedroom, which occur from around 9 am 
and peak around 4 pm, when the illuminance level in the room is around 12,500lux. The high illuminance 
levels predicted in the bedroom late in the afternoon, occur as a result of sunlight entering the room 
through, the window on the west facade.  
The results show that the living room and the bedroom are visually uncomfortable for 26% and 80% of 
the time respectively during the days assessed. The orientation and facade configuration play a key role 
in the visual performance of both rooms. Although sometimes the daylight entering the living room 
through the shaded, north facing window is insufficient, particularly during the dry season, the unshaded 
windows on the south and west facade of the bedroom allow too much sunlight into the room. While the 
occupants in the bedroom are likely to experience discomfort due to the high levels of illuminance, 
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especially around sunset, they can easily use adjustable internal shading devices, such as curtains and 
blinds, to control the level of daylight entering the room. The overhang of the roof can also be extended 
to provide shading for the room. Alternatively, solar obtstructors and filters, such as shutters, louvers and 
brise-soleil, can be used to limit the amount of daylight entering the room, especially when the sun is at 
a low angle in the sky around sunset.  
The living room’s shading design potentially creates a more thermally comfortable internal environment, 
which is somewhat reminiscent of the rooms in traditional dwellings. However, unlike traditional rural 
lifestyle, people in urban areas perform most of their daily tasks indoors. Thus, the lack of sufficient 
daylighting in the room, will most likely compel occupants to use artificial lighting to supplement the 
daylight available. It is unlikely that the frequency of insufficient daylighting in the room can be 
significantly improved without increasing the fenestration factor of the room by either creating a larger 
opening on the north facade or by creating a secondary opening on the west facade. However, if the 
instances of insufficient illuminance are as infrequent as they are in the living room in RB3, supplementing 
the available daylight in the room with artificial lighting for brief spells might be a positive compromise 
for maintaining thermal comfort without using air conditioning systems. 
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6.2.4 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 4 (RB4) 
 
 
 
 
 
 
 
6.2.4.1 THERMAL CONDITION ANALYSIS 
Table 6.8 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB4 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 4 (RB4) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 29.4 31.9 27.7 14 29.2 32.3 26.8 10 
DEC 26.1 35.2 18.2 29.4 22.4 29.9 33.1 27.6 11 29.6 33.5 26.6 11 
JAN 27.3 34.5 20.8 29.7 22.7 30.6 33.3 28.4 14 30.5 33.8 27.7 13 
FEB 30.0 36.0 24.3 30.4 23.4 32.3 35.2 29.7 18 32.4 35.7 29.3 17 
MAR 31.5 37.0 26.4 31.0 24.0 33.3 36.2 30.7 20 33.5 36.7 30.4 19 
APR 29.2 34.9 24.3 30.7 23.7 31.4 33.9 29.3 12 31.6 34.3 29.1 14 
MAY 26.9 30.9 23.4 29.8 22.8 29.4 31.1 28.3 7 29.5 31.5 28.0 9 
JUN 26.1 29.8 22.8 29.5 22.5 28.6 30.0 27.5 5 28.5 30.2 27.1 6 
JUL 24.6 28.0 21.4 29.0 22.0 27.8 28.7 27.0 2 27.6 29.0 26.3 2 
AUG 24.3 28.4 21.7 28.9 21.9 28.0 29.0 27.2 2 27.8 29.3 26.4 3 
SEP 25.1 29.7 21.6 29.0 22.0 28.4 29.9 27.5 5 28.3 30.2 26.8 6 
OCT 25.3 30.1 21.6 29.2 22.2 28.6 30.3 27.6 5 28.4 30.5 26.8 6 
YEAR 26.9 32.2 22.3 29.7 22.7 29.8 31.9 28.2 10 29.7 32.2 27.6 10 
Note: all values except HTD (hours) in ˚C 
In December, there are 11 hours of thermal discomfort a day in either room. However, by March, there 
are as many as 20 and 19 hours of thermal discomfort a day in the living room and the bedroom. 
Throughout the dry season, the predicted monthly maximum operative temperatures of the living room 
are lower than those in the bedroom by about 0.5˚C. However, there are one to three more hours of 
thermal discomfort daily in the living room from November to March. The lower frequency of thermal 
discomfort predicted in the bedroom occurs because the monthly minimum operative temperatures in 
the room are lower than those in the living room during the dry season. This suggests that despite the 
Figure 6.31 Plan of selected rooms in case study building 4 
Chapter six 
Page 221 of 431 
 
fact that the living room has a larger fenestration factor (29%) than the bedroom (22%), it does not cool 
down as quickly as the bedroom overnight, which is more likely due to its layout and facade configuration. 
The ventilation through the windows on the north-west and south-east facade (W3 and W1) is limited by 
the balconies, creating intermediate spaces that partially impede air flow through the room. In November 
and December, the predicted monthly minimum operative temperatures in the bedroom are about 1˚C 
lower than those in the living room. A similar trend occurs in January, February, March and April. But 
there are two fewer hours of thermal discomfort a day predicted in the living room in April.  
In May, there are seven and nine hours of thermal discomfort a day in the living room and the bedroom, 
which is less than half the daily hours of thermal discomfort predicted for either room in March. In 
general, the calculated average hourly levels of solar gain in the rooms are about 0.2kW lower than the 
averages calculated for the dry season. Notwithstanding, there are still two to three hours of thermal 
discomfort a day predicted in the rooms in July and August. Moreover, in September and October, there 
are five and six hours of thermal discomfort predicted daily in the living room and the bedroom.  
It is predicted that there will be 3,365 hours and 3,476 hours of thermal discomfort in the living room and 
the bedroom during a typical year. This indicates that the living room and the bedroom will be thermally 
uncomfortable for approximately 38% and 40% of the year. The south-east orientation of the building’s 
longer facade seems to have a negative impact on the thermal conditions in the selected rooms, which 
are notable during both seasons. Moreover, the facade configurations of the rooms and their layout, have 
an impact on the internal conditions. The fenestration factor of the living room is around 29%, and the 
two windows, which are located on the north-west and south-east facade (W3 and W1), are shaded by 
1.4m deep balconies (Figure 6.31). However, the largest window (W2), which is approximately 2m2 large, 
is unshaded. Thus, there can be many hours of overheating in the room, due to the high amount of solar 
gain received by the room, especially around midday during the dry season. Likewise, the bedroom has a 
fenestration factor greater than 20%, with a window area made up of two equal sized windows (1.5m2) 
on adjacent walls. The window on the south-east facade (W4) is shaded by walls projecting 0.6m on either 
side, but there is no horizontal shading above the window. On the other hand, the second window (W5) 
is orientated east and shaded by a balcony which is 1.2m deep. Nevertheless, because of the east 
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orientation of the window walls and type of shading used, there are periods around dawn during which 
the levels of solar gain are likely to contribute to the frequency and intensity of thermal discomfort in the 
room, particularly around sunrise during the dry season.  
As shown in figures 6.32 to 6.34 more analysis has been carried out to assess the effect of the diurnal 
temperature fluctuation and levels of solar gain on the temperatures in both rooms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.33 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB4 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.32 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB4 on the 15th of each month during the dry and rainy season 
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Figure 6.32 shows that, on November 15th, the operative temperatures in both rooms rise above the 
upper limits of acceptability (29.6˚C) two hours before the outdoor dry-bulb temperature reaches 29˚C. 
The predicted rise in the operative temperatures of the rooms is similar on December and January 15th. 
Such increases in temperatures are different from the fluctuation of operative temperatures predicted in 
the previous case studies on the same days. As shown in Figure 6.35, the level of solar gain in both rooms 
is at its peak around 8 am on December 15th; while the level of solar gain in the rooms in RB1, RB2 and 
RB3 reaches its peak between 10 am and 2 pm.  
The high solar gain received by the rooms in the morning seems to have an effect on how quickly the 
operative temperatures in both rooms rise above the upper limits of acceptability, and consequently, 
contribute to the frequency of thermal discomfort. There are about 9-15 and 10-12 predicted hours of 
thermal discomfort in the living room and bedroom on November, December and January 15th.   
There are 22 and 21 hours of thermal discomfort predicted for the living room and the bedroom on March 
15th and the maximum operative temperatures in both rooms is around 36°C. The maximum operative 
temperatures are still around 36°C in either room on April 15th, but, there are eight and four fewer hours 
of thermal discomfort in the living room and the bedroom respectively. The variation between the hours 
Figure 6.34 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB4 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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of thermal discomfort predicted on March and April 15th is due to the difference in the air temperatures 
during these months. Figures 6.33 and 6.34 show that the air temperatures in either room can be as much 
as 1°C to 2˚C lower than the mean radiant temperatures at corresponding hours. This has a positive 
influence on the operative temperatures in the room. Similar to the bedroom in RB3, there appears to be 
a possibility of reducing the hours of thermal discomfort by about two to three hours in March, by using 
an effective ventilation routine.   
 
 
 
 
 
 
 
 
 
There are 14 and 12 hours of thermal discomfort in the living room and the bedroom respectively on May 
15th, but the predicted maximum operative temperatures in both rooms are approximately 3.5˚C lower 
than on April 15th. As the rainy season progresses, the results indicate only three and two hours of 
thermal discomfort in both rooms on June and July 15th. However, on August 15th there are nine and 
eight hours of thermal discomfort in the living room and the bedroom. The high frequency of thermal 
discomfort predicted on the 15th of August, is different to the results calculated for the previous cases, 
in which August 15th was one of the days with the fewest hours of thermal discomfort (one to five hours). 
Figure 6.36 shows that in contrast to the rooms in RB1, RB2 and RB3, in which the predicted operative 
Figure 6.35 The level of solar gain and the operative temperatures in the rooms in RB1, RB2, RB3 and RB4 on December 
15th 
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temperatures rise above the upper limits of acceptability around 2 pm to 4 pm in the afternoon, the 
operative temperature in either room in RB4 rises above the upper limits of acceptability around 10 am. 
This is likely to be caused by a combination of the rise of the external temperatures at around 10 am on 
August 15th, to approximately 30˚C, and the high levels of solar gain (about 0.5kW) in the rooms around 
the same time.  On September and October 15th, there are five and six hours of thermal discomfort 
calculated for the living room and the bedroom respectively. 
 
 
 
 
 
 
Based on the predicted values, it seems that the highest hourly level of solar gain reaching the rooms 
occurs between 9 and 11 am, when the sun is at a low angle in the east. The high level of solar gain 
subsequently contributes to an increase in the internal temperatures in the morning, even when the 
outdoor temperatures are still relatively cool; thereby increasing the hours of thermal discomfort.  
In general, the results indicate that the living room and the bedroom are thermally uncomfortable for 
45% and 44% of the period assessed. The rooms, which are mainly orientated about 30° east of the south, 
have an interesting combination of shaded and unshaded facade areas. About half of the living room wall 
on the south-east facing wall is shaded by a balcony and there is a window (W1) with an area of 1.5m2 in 
the shaded wall area. However, there is also a 2m2 window area (W2) in the unshaded half of the wall, 
which allows sunlight to enter the room. Additionally, there is a 2m2 window area (W3) on the north-west 
facade, which is shaded by another balcony. The bedroom, on the other hand, has a south-east facing 
1.5m2 window (W4), which is partially shaded by 0.6m wall projections on either side, but there is no 
Figure 6.36 Comparison of the operative temperatures in RB1, RB2, RB3 and RB4 on August 15th 
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horizontal shading above the window. The bedroom also has a secondary 1.5m2 window (W5) on the 
north-east facade, which is partially shaded by a balcony. However, the orientation of the building means 
the window is not effectively shaded from the solar radiation when the sun is at an easterly low angle. 
The heat gains through east facing walls and windows in both rooms, early in the day, contributes to the 
hours of thermal discomfort and is a prevalent factor during both seasons. 
Although fixed shading elements have been incorporated in the design of both rooms, they do not seem 
to effectively limit the levels of solar gain in either room, especially when the sun is at a low angle in the 
east. The peak hourly levels of solar gain in the rooms on the days assessed during the dry season are 
above 1.2kW, which is as high as the maximum levels predicted for the living room in RB2, which has no 
shading elements around its windows. In addition to the existing fixed shading elements, the use of solar 
filters, such as louvres and brise-soleil might help limit the levels of solar heat gain in the rooms.  
6.2.4.2 VISUAL CONDITION ANALYSIS 
As with the previous cases, the impact of the design characteristics of the rooms on the amount of 
daylight and the quality of daylight distribution is examined and illustrated in figures 6.37 to 6.40.  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 6.37 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB4 
on the 15th of each month during dry and rainy season 
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November December January February March April 
1pm 1pm 1pm 1pm 1pm 1pm 
May June July August September October 
1pm 1pm 1pm 1pm 1pm 1pm 
Figure 6.39 Images of illuminance levels on working plane of the living room in RB5 at 1 pm on the 15th of each month 
 
 
 
 
 
Figure 6.38 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB4 
on the 15th of each month during dry and rainy season 
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Bedroom 
 
 
November December January February March April 
      
1pm 1pm 1pm 1pm 1pm 1pm 
May June July August September October 
      
1pm 1pm 1pm 1pm 1pm 1pm 
Figure 6.40 Images of illuminance levels on working plane of the bedroom in RB4 at 1 pm on the 15th of each month 
On all the days assessed during the dry season, the average illuminance in the living room and the 
bedroom is above the upper limits of acceptable illuminance (500lux) from 7 am to midday (Figures 6.37 
and 6.38). While the calculated maximum illuminance levels in the living room are above 7,200lux on 
November, December and January 15th, the maximum illuminance levels in the bedroom are relatively 
lower, ranging between 4,500lux and 5,500lux on these days.  Nevertheless, there are two to three more 
hours of visual discomfort in the bedroom on these days. On December 15th, the highest level of 
illuminance predicted across the working plane in the living room is around 7,800lux, while that of the 
bedrooms is about 5,500lux; yet, there are ten hours of high illuminance levels calculated for the 
bedroom compared to seven for the living room. A similar trend occurs on February, March and April 
15th, but as the sun moves further north during the intervals between these days, the predicted average 
levels of illuminance in the rooms decrease. On April 15th, the levels of illuminance in either room is 
within the acceptable range around midday and early evening, due to the high altitude angle of the sun 
(89˚). However, there are still six predicted hours of visual discomfort, because of the high level of daylight 
received by the rooms in the morning.  
Figure 6.37 shows that the uniformity of illuminance in the living room is low (below 0.2) in the morning 
on the days during the dry season, but increases to a preferable value (about 0.3 to 0.4) in the afternoons 
when the illuminance levels are within the acceptable range. On the other hand, the uniformity of daylight 
distribution in the bedroom is around 0.3 for two hours only (Figure 6.38), early in the morning on these 
days, but it drops afterwards below 0.2. Around midday on the days assessed during the dry season, the 
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level of illuminance in the areas close to the unshaded window (W2) in the living room and both of the 
windows in the bedroom are over 1,000lux, but in the rest of the room the values predicted are within 
the acceptable range for comfort (Figures 6.39 and 6.40).  
The occurrences of over-illumination in the living room are mainly caused by the amount of sunlight 
entering the room through the unshaded window (W2) on the south-east facade in the morning. As the 
sun moves along its daily path from east to west, there is less sunlight entering the room through W2. 
Thus, the illuminance levels across the entire room become more uniform. The amount of sunlight 
entering the bedroom through the windows, particularly the north-east facing window (W5), is high in 
the morning. Moreover, as the sun moves closer to being due south around noon, there is more sunlight 
entering the room through the south-east facing window (W4), which is totally exposed to solar radiation.   
On May 15th, the amount of daylight entering the living room through the shaded (W1) and unshaded 
(W2) south-east facing windows is relatively low as compared to the days during the dry season. 
Furthermore, the shading brought about by the 1.4m deep balcony facing the window on the north-west 
facade (W3) also limits the amount of daylight entering the room. As a result, the levels of illuminance 
predicted in the room are only above the upper limits of acceptable illuminance (500lux) for two hours 
on this day.  Likewise, on May 15th, the levels of illuminance in the bedroom are also lower as compared 
to the days during the dry season (Figure 6.38). However, there are still four hours of high illuminance 
levels in the morning, mainly due to the level of sunlight entering the room through the north-east facing 
window. Moreover, there are eight hours of visual discomfort in both rooms on June, July and August 
15th. Figures 6.39 and 6.40 show that the levels of illuminance around W1 in the living room, as well as 
W4 and W5 in the bedroom, are considerably higher than 1,000lux around midday on these days. As 
explained before, the high level of illuminance during these days occurs as a result of the increased level 
of diffused skylight entering the rooms, which is often harder to block out than direct sunlight, due to its 
incidence at diverse angles. 
On September and October 15th, there are on average four hours of visual discomfort calculated in the 
rooms. On October 15th, the sun is on a daily path that is due south. Thus, the trend of daylight 
illumination in both rooms is similar to the trend during the dry season. However, the maximum levels of 
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illuminance predicted in the living room and the bedroom are much lower than those predicted during 
the dry season (around 1,280lux and 940lux), due to the lower amount of solar radiation during this 
season. 
The results indicate that the living room and the bedroom are visually uncomfortable for 50% and 60% of 
the time assessed. The patterns of daylight distribution and the levels of its illumination in either room 
are influenced by the easterly orientation of the windows. Consequently, the highest levels of illuminance 
are expected to occur in the morning except on June, July and August 15th. As discussed in the previous 
section, the use of solar filters can limit the level of solar radiation entering at a low angle in the morning, 
as well as flexible shading elements, such as curtains and blinds.  
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6.2.5 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 5 (RB5) 
 
 
 
 
 
 
 
 
 
 
6.2.5.1 THERMAL CONDITION ANALYSIS 
Table 6.9 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB5 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 5 (RB5) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 29.2 31.5 27.5 14 28.7 31.1 26.8 8 
DEC 26.1 35.2 18.2 29.4 22.4 29.7 32.8 27.5 11 28.9 31.6 26.4 9 
JAN 27.3 34.5 20.8 29.7 22.7 30.4 33.0 28.3 14 29.9 32.3 27.6 12 
FEB 30.0 36.0 24.3 30.4 23.4 32.4 34.9 30.0 20 32.1 34.7 29.5 17 
MAR 31.5 37.0 26.4 31.0 24.0 33.4 35.8 31.2 22 33.4 36.0 30.7 20 
APR 29.2 34.9 24.3 30.7 23.7 31.5 33.7 29.6 15 31.6 33.9 29.3 15 
MAY 26.9 30.9 23.4 29.8 22.8 29.6 31.1 28.4 9 29.6 31.3 28.2 9 
JUN 26.1 29.8 22.8 29.5 22.5 28.6 30.0 27.6 5 28.6 30.2 27.3 6 
JUL 24.6 28.0 21.4 29.0 22.0 27.7 28.7 26.8 1 27.6 28.8 26.3 2 
AUG 24.3 28.4 21.7 28.9 21.9 27.9 28.9 26.9 2 27.6 28.9 26.3 5 
SEP 25.1 29.7 21.6 29.0 22.0 28.3 29.7 27.3 5 28.1 29.8 26.7 5 
OCT 25.3 30.1 21.6 29.2 22.2 28.4 30.0 27.3 5 28.2 30.0 26.7 8 
YEAR 26.9 32.2 22.3 29.7 22.7 29.8 31.7 28.2 10 29.5 31.5 27.7 9 
Note: all values except HTD (hours) in ˚C 
In November, it is calculated that there will be 14 hours of thermal discomfort a day in the living room 
and six fewer hours of thermal discomfort in the bedroom. A similar trend was also predicted in 
December, January and February (Table 6.9). During these two months, the monthly maximum operative 
temperatures in the living room are about 0.2˚C to 1.2˚C higher than those in the bedroom. On average 
there are 3 fewer hours of thermal discomfort in the bedroom during these four months. Furthermore, 
in March, the monthly maximum operative temperature in the living room (35.8˚C) is slightly lower than 
Figure 6.41 Plan of selected rooms in case study building 5 
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that of the bedroom (36˚C), yet, there are still two fewer hours of thermal discomfort a day in the 
bedroom during this month. However, in April, there are 15 hours of thermal discomfort daily predicted 
in both rooms. 
Both the living room and the bedroom have a window that is orientated eastwards (W2 and W3) of 
approximately 1.25m2 (Figure 6.41). The second window in the living room, which faces south (W1), is 
shaded by a 1m deep veranda, while the second window of the bedroom faces north (W4). Although the 
total external window area of the rooms is similar and it is likely that the shading component around the 
south facing window of the living room limits the amount of solar radiation reaching the room during the 
dry season, the living room has a larger floor area (15.1m2) than the bedroom (11.9m2). Hence, the 
fenestration factor of the bedroom (21.2%) is greater than that of the living room (16.7%). The gap in the 
thermal performance of the two rooms can be attributed to the difference in the fenestration factor of 
the rooms, their compactness and orientation. The results suggest that the bedroom cools down more 
effectively overnight during the first three months of the dry season when the minimum outdoor dry-
bulb temperatures in the morning are 11°C to 17˚C cooler than the maximum outdoor dry-bulb 
temperatures around midday. Consequently, the bedroom’s temperatures remain below the upper limits 
of acceptability for longer periods during these months. As the sun moves from a more southern path in 
December to being almost directly overhead in Abuja in April, the difference between the monthly 
minimum operative temperatures in the rooms reduces from 1.1˚C to 0.3˚C. Consequently, the frequency 
and intensity of thermal discomfort in both rooms are more similar at the end of the dry season.  
In June and July during the rainy season, it is calculated that there will be five and one hour of thermal 
discomfort daily in the living room in these two months, while there will be one more hour of thermal 
discomfort in the bedroom during the corresponding months. Likewise, in August and October, it is 
calculated that there will be three more hours of thermal discomfort a day in the bedroom. However, in 
September, there five hours of thermal discomfort per day in both rooms. Due to the sun’s northerly path 
during the rainy season, more solar radiation reaches the north facing window wall of the bedroom during 
this season. As a result, the frequency and intensity of thermal discomfort are higher in the room. 
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Overall, the results indicate that there will be 3,547 and 3,332 hours of thermal discomfort in the living 
room and bedroom respectively, under the typical annual climatic conditions in Abuja. This represents 
40% and 38% of the year. As discussed in the analysis of RB4, the solar gain through the east facing 
windows, such as the ones in the living room and the bedroom in RB5 (W2 and W3), can cause an increase 
in temperatures in the morning. However, during the dry season, particularly from November to January, 
the larger total window area to floor area in the bedroom can have a positive effect on the thermal 
conditions in the room. By contrast, when the sun is in the north during the rainy season, occupants are 
likely to experience more frequent and intense thermal discomfort in the bedroom than in the living 
room.  
Figures 6.42 to 6.44 show the influence of the diurnal and seasonal conditions on the thermal 
performance of the rooms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.42 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB5 on the 15th of each month during the dry and rainy season 
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On November 15th, there are nine hours of thermal discomfort in either room and the maximum 
operative temperatures are around 32°C. However, on December and January 15th, the maximum 
operative temperature in the living room is about 1°C higher than the operative temperature predicted 
in the bedroom, resulting in three more hours of thermal discomfort in the room on these two days.  
Figure 6.42 clearly shows that the maximum air temperatures in the living room on December and January 
Figure 6.44 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB5 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.43 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB5 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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15th are around 34°C, while the maximum air temperatures in the bedroom are about 32°C. Thus, the 
higher operative temperatures are predicted in the living room on these two days. On March 15th, it is 
calculated that both rooms are thermally uncomfortable throughout the day. However, on April 15th, 
there are three less hours of thermal discomfort in the living room and eight less hours of thermal 
discomfort in the bedroom. As shown in Figure 6.42, the disparity in the frequency of thermal discomfort 
between the two rooms occurs due to lower operative temperatures being predicted in the bedroom in 
the morning.  
On May 15th, there are 14 and 13 hours of thermal discomfort in the living room and the bedroom 
respectively and the maximum operative temperatures in both rooms. Contrarily, there are three and six 
hours of thermal discomfort predicted in both rooms on June 15th and August 15th. On July 15th, the 
operative temperatures predicted in both rooms are within the acceptable range for the entire day. On 
September and October 15th, there are five hours of thermal discomfort predicted in the living room and 
up to seven hours of thermal discomfort in the bedroom.  
In general, the results predict that the living room and the bedroom are thermally uncomfortable for 47% 
and 43% of the time assessed. The frequency of thermal discomfort in either room, particularly during 
the dry season, can be partly attributed to the level of solar radiation that penetrates the spaces through 
the unshaded east facing windows. The sunlight entering the rooms through these windows causes as 
much as 2kW to 4kW of solar gain to reach the rooms in the morning between 5am and 11am, leading to 
more hours of over-heating.  
It is clear that the veranda around the south facing window wall limits the level of solar gain in the living 
room. However, it is also apparent that the window area of the room, which has a fenestration factor of 
about 17%, does not sufficiently facilitate cross ventilation at all times, even though it is larger than the 
5% minimum openable window area prescribed by the National building code for adequate ventilation. 
By contrast, the 21% fenestration factor of the bedroom seems to have a more positive impact on the 
temperatures in the room, as demonstrated on April 15th, when the predicted operative temperature in 
the room at 5am is about 1.7°C lower than that of the living room.  
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Orientation is a highly impactful factor on the building’s performance and occupant’s comfort. However, 
the orientation of the window walls in buildings in Abuja are likely to be a consequence of design 
restrictions, created by the location of the site and the need for cross-ventilation in the rooms (AMMC, 
2007). Thus, more consideration should be given to the room layouts, the facade configuration and the 
thermal properties of the building materials in order to limit exposure to solar radiation and the amount 
of heat transmitted into the building.  
6.2.5.2 VISUAL CONDITION ANALYSIS 
As done in the previous cases, figures 6.45 to 6.48 show the levels of daylighting conditions in the room 
on the 15th day of each month.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.45 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB5 
on the 15th of each month during dry and rainy season 
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Figure 6.47 Images of illuminance levels on working plane of the living room in RB5 at 1pm on the 15th of each month 
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Figure 6.46 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB5 
on the 15th of each month during dry and rainy season 
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Bedroom 
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Figure 6.48 Images of illuminance levels on working plane of the bedroom in RB5 at 1pm on the 15th of each month 
On all the days assessed during the dry season, the average illuminance in the rooms are above the upper 
limits of acceptable illuminance (500lux) for four to seven hours in the morning (Figures 6.45 and 6.46). 
On November 15th, the maximum illuminance levels in the living room and the bedroom are around 
5,640lux and 6,850lux. The maximum illuminance levels in the bedroom are about 25% higher than the 
values predicted for the living room on February 15th, yet there are five hours of visual discomfort 
calculated for both rooms on this day. Likewise, on March 15th, the highest level of illuminance predicted 
across the working plane in the living room is around 7,060lux, while that of the bedroom is 9,180lux and 
there are also five hours of high illuminance levels calculated for both rooms on this day. However, as the 
sun moves further north around the end of the dry season, there are four hours of high illuminance levels 
in the living room and three more hours of high illuminance values calculated for the bedroom on April 
15th.  
The predicted levels of illuminance in both rooms are often within the acceptable range from around 
midday. The uniformity of illuminance in both rooms are around 0.1 in the morning and improve to 0.3 
as the level of illuminance across the working plane reduces to below 500lux. While the high amounts of 
sunlight entering the rooms in the morning are mainly distributed in the areas by the east facing windows, 
the overall distribution of daylight in the room improves as the day progresses and less sunlight enters 
the room through these windows. 
At the beginning of the rainy season, on May 15th, there are five hours of visual discomfort predicted in 
the living room, and two fewer hours of visual discomfort in the bedroom. By contrast, on June, July and 
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August 15th, there are eight hours of visual discomfort predicted in the living room, while there are two 
more hours of visual discomfort calculated for the bedroom on these three days.  The highest illuminance 
levels predicted in the living room and the bedroom on these days, are about 75% to 85% lower than the 
maximum illuminance levels predicted on the days during the dry season. Notwithstanding, the 
uniformity of illuminance across the working plane in both rooms on these days is around 0.2 to 0.25. 
Figures 6.47 and 6.48 show that the levels of illuminance in more than half of the area in either room are 
above 1,000lux around midday on June, July and August 15th. Thus, leading to the low uniformity of 
daylight distribution in both rooms (about 0.2).  
By September 15th, the sun is around its autumnal equinox, thus, the trend of daylight illuminance 
predicted is similar to those predicted for the days during the dry season. Although the maximum levels 
of illuminance predicted in the living room and bedroom on this day are 63% and 80% lower than the 
maximum levels predicted during the dry season, there are still three and four hours of visual discomfort 
in the rooms; mainly as a consequence of daylight penetration through the east facing window in the 
morning. Similar to the days during the dry season, the illuminance levels across both rooms are within 
the acceptable range around midday and in the afternoon, but the uniformity ratio at these times, on the 
days during the rainy season, remains low (around 0.2 in either room). 
The results predict that the living room and bedroom are visually uncomfortable for approximately 44% 
and 49% of the period assessed respectively. The high daylighting in the rooms are particularly intense 
for a couple of hours after sunrise, because of the east facing windows. The low angle of the sunlight 
entering the rooms in the morning is likely to make a projected rigid shading device impractical for the 
east facing windows. Thus, the use of solar filters and obstructors might be more appropriate. In addition, 
the bedroom window, which is orientated north, should have some form of rigid shading, such as an 
overhang, to limit the level of daylight illuminance in the room, when the sun is in the north (during the 
rainy season). 
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6.2.6 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 6 (RB6) 
  
 
 
 
 
 
 
 
 
6.2.6.1 THERMAL CONDITION ANALYSIS 
Table 6.10 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB6 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 6 (RB6) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 29.1 30.8 27.8 14 28.8 31.1 27.0 8 
DEC 26.1 35.2 18.2 29.4 22.4 29.2 31.3 27.7 9 29.0 32.0 26.8 9 
JAN 27.3 34.5 20.8 29.7 22.7 30.1 32.1 28.6 14 29.8 32.5 27.7 11 
FEB 30.0 36.0 24.3 30.4 23.4 32.2 34.3 30.3 21 32.0 34.9 29.6 17 
MAR 31.5 37.0 26.4 31.0 24.0 33.2 35.3 31.1 21 33.3 35.9 30.8 21 
APR 29.2 34.9 24.3 30.7 23.7 31.2 33.1 29.6 13 31.2 33.5 29.2 13 
MAY 26.9 30.9 23.4 29.8 22.8 29.4 30.7 28.5 7 29.3 30.9 28.1 7 
JUN 26.1 29.8 22.8 29.5 22.5 28.6 29.7 27.7 4 28.4 29.8 27.2 4 
JUL 24.6 28.0 21.4 29.0 22.0 27.8 28.5 27.1 1 27.4 28.6 26.2 1 
AUG 24.3 28.4 21.7 28.9 21.9 28.0 28.7 27.4 1 27.5 28.7 26.3 1 
SEP 25.1 29.7 21.6 29.0 22.0 28.3 29.4 27.6 4 28.0 29.5 26.8 4 
OCT 25.3 30.1 21.6 29.2 22.2 28.4 29.7 27.6 4 28.1 29.8 26.8 4 
YEAR 26.9 32.2 22.3 29.7 22.7 29.6 31.1 28.4 9 29.4 31.4 27.7 8 
Note: all values except HTD (hours) in ˚C 
In November, there are 14 hours of thermal discomfort a day in the living room and eight thermal 
discomfort hours a day in the bedroom. Likewise, there will be about nine hours of thermal discomfort a 
day in both rooms in December. In January and February respectively, there can be as many as 14 and 21 
hours of thermal discomfort a day in the living room. By contrast, there are three fewer hours of thermal 
discomfort a day predicted for the bedroom during these months. Yet, the monthly maximum operative 
temperatures for the living room are fractionally lower (0.4°C) than that of the bedroom during this 
period. Although the monthly maximum operative temperature in either room is around 1°C lower than 
Figure 6.49 Plan of selected rooms in case study building 6 
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the monthly outdoor dry-bulb temperature in March, on average there are 21 hours of thermal 
discomfort a day in both rooms. There are also 13 hours of thermal discomfort a day in both rooms during 
April.  
On average, there are significantly fewer hours of thermal discomfort in either room during the rainy 
season than during the dry season. There are seven and four hours of thermal discomfort a day in either 
room in May and June respectively. However, it is calculated that there will only be an hour of thermal 
discomfort daily in the rooms in July and August. In September and October, there are four hours of 
thermal discomfort daily in both rooms, but the monthly maximum operative temperatures in both rooms 
are less than 0.6°C above the upper limits of acceptability for the corresponding months. 
The results calculated indicate that there will be 3,251 and 3,056 hours of thermal discomfort in the living 
room and the bedroom, representing 37% and 35% of the year. The layout and facade configuration of 
the rooms are very different. While the living room has a floor area of approximately 33m2 and a plan 
9.5m deep with windows on opposite ends, the bedroom floor is approximately 15m2 large and only 4m 
deep with windows on adjacent walls (Figure 6.50). The main window (W1) of the living room is orientated 
north-east and shaded by a balcony that is about 1.3m deep, while the secondary window (W2) on the 
south-eastern facade that is partially shaded by vertical wall projections 0.6m long on either side. On the 
other hand, the main window (W3) of the bedroom is also orientated north-east and partially shaded by 
0.6m wall projections on either side. The other window (W4) in the bedroom is orientated south-west 
and is unshaded. Moreover, the living room has a total external wall area of 20.2m2, while the bedroom, 
which has a more compact form, has a total external wall area of 25.5m2. Despite the differences in the 
design of the living room and the bedroom, there only seems to be a small difference in the thermal 
performance of the rooms, particularly during the rainy season. Thus, further analysis is required in order 
to uncover how the differences in layout and facade configuration influence the thermal conditions 
indoors.  
The diurnal performance of the rooms has been examined further, and the results are illustrated in 
Figures 6.50 to 6.52.  
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Figure 6.50 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB6 on the 15th of each month during the dry and rainy season  
Figure 6.51 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB6 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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Between 12 noon and 1pm on December 15th, the operative temperature in the living room rises from 
about 30.3°C to 30.6°C, while in the bedroom it rises from about 29.9°C to 31.1 (Figure 6.50). The faster 
temperature rise in the bedroom is primarily a result of the increase in the level of solar radiation, 
entering the room through the south-west facing window (W4), when the sun moves from east to south 
around midday. This is clearly shown in figures 6.51 and 6.52, when around midday on December 15th, 
the level of solar gain in the living room is 0.27kW and the level of solar gain in the bedroom is 0.46kW. 
Despite the higher temperatures in the bedroom, there are four fewer hours of thermal discomfort in the 
bedroom, as compared with the 14 hours predicted in the living room, due to the lower morning 
temperatures predicted in the room. A similar trend occurs on January, February and April 15th. The 
variation in temperature profiles is particularly notable on February 15th, when there are six more hours 
of thermal discomfort calculated for the living room in the morning. However, on March 15th, the 
operative temperatures in both rooms are above the upper limit of acceptability throughout the day.  
On May 15th, there are 13 hours of thermal discomfort calculated for both rooms. By contrast, there is 
only an hour of thermal discomfort in the bedroom on the 15th of June, and the operative temperatures 
in the living room are within the acceptable range throughout the day. Both rooms are thermally 
comfortable throughout July and September 15th. Although there are four hours of thermal discomfort 
Figure 6.52 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB6 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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in each room on August 15th, the predicted maximum operative temperatures in both rooms are only 
0.1°C to 0.2°C above the upper limit of acceptable temperatures. The average hourly levels of solar gain 
calculated in the living room and the bedroom drop from around 0.28kW and 0.23kW during the dry 
season to around 0.19kW and 0.18kW respectively during the rainy season. The reduction in the levels of 
solar gain in the rooms can be attributed to the reduction in the levels of solar radiation during the rainy 
season in general and the effectiveness of the shading elements around the north-western facade of the 
rooms that limit the level of sunlight entering the rooms in this season. While the levels of solar gain in 
both rooms are almost the same, particularly on June, July and August 15th, the predicted minimum 
operative temperatures in the living room on these days are 0.2°C to 1.2°C higher than those in the 
bedroom. This can be attributed to the depth of the room (9.5m) and its small fenestration (12%) affecting 
how the room is ventilated.  
Overall, the results predict that the living room and the bedroom are thermally uncomfortable for 42% 
and 39% of the time assessed. The living room has vertical shades on the south-eastern facade and a 
balcony on the north-western facade, which provide some level of solar shading, but a rigid or flexible 
horizontal shading device, above the window, can help improve the thermal conditions indoors. It is likely 
that the windows at either end of the room do not always provide adequate cross ventilation for the 
room, which is nearly 10m deep. Thus, it might be beneficial to use shutters to temporarily block out the 
solar radiation, entering the space through the window in the morning, especially during the dry season. 
On the other hand, the high operative temperatures in the bedroom are partly caused by the fact that 
the room has an unshaded south-west facing window (W4), which becomes a source of increased solar 
gains in the afternoon, especially during the dry season. Although there are wall projections that provide 
shading for the window on the north-west facade, more adequate shading is required around both 
windows to effectively reduce the levels of solar gain in the room. The window on the south-western 
facade, in particular, requires a form of shading that significantly reduces solar gain around midday, when 
the sun is at its highest point in the sky around solar noon, and over the subsequent hours until sunset 
when the sun is at a low angle in the west. 
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6.2.6.2 VISUAL CONDITION ANALYSIS 
The impact of the visible portion of the radiation discussed in the previous section is illustrated in figures 
6.53 to 6.56 and discussed in this section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.53 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB6 
on the 15th of each month during dry and rainy season 
Figure 6.54 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB6 
on the 15th of each month during dry and rainy season 
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1pm 1pm 1pm 1pm 1pm 1pm 
May June July August September October 
      
1pm 1pm 1pm 1pm 1pm 1pm 
Figure 6.55 Images of illuminance levels on working plane of the living room in RB6 at 1pm on the 15th of each month 
Bedroom 
 
 
November December January February March April 
      
1pm 1pm 1pm 1pm 1pm 1pm 
May June July August September October 
      
1pm 1pm 1pm 1pm 1pm pm 
Figure 6.56 Images of illuminance levels on working plane of the bedroom in RB6 at 1pm on the 15th of each month 
With the exception of April 15th, on the days examined during the dry season, it is predicted that the 
living room will experience four to five hours of visual discomfort, due to high levels of illuminance from 
around 7 am. It is also predicted that there will be and an hour of insufficient daylighting around 6 pm on 
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November, December and January 15th. Around midday, the illuminance levels are significantly higher in 
the parts of the room around the south-east facing window (as shown in Figure 6.55), while the 
illuminance levels in the middle of the room are insufficient (below 100lux) for the performance of simple 
tasks. The low light levels predicted in the areas further away from the windows are partly due to the fact 
that the daylight entering the space through the window on the north-west facade is limited by the 
overhang and the walls of the balcony. The calculated uniformity ratio of illuminance in the room on the 
days during this season is as low as 0.02 in the morning when the illuminance levels are high. Although 
the uniformity ratios of daylight in the room improve during the hours when the illuminance levels are 
below 500lux around and after midday (Figure 6.53), they are still below 0.3. 
In the bedroom, on the other hand, there are one to two hours of insufficient daylighting in the morning 
and three to five hours of high daylight illuminance from around midday. The distribution of daylight 
across the working plane in the bedroom becomes more uniform as the overall illuminance level increases 
in the afternoon (rising from around 0.15 to around 0.35). Figure 6.56 shows that around midday, on the 
days during the dry season, the levels of illuminance around both windows in the room is above 500lux 
and the levels of daylighting in most part of the room are above 100lux. Sunlight does not reach the room 
from the south-west facing window (W4) in the morning, because of its western orientation. However, in 
the afternoon, the sunlight entering the room through both windows provides better levels of illuminance 
and more uniform distribution of light across the room.   
On May, June, July and August 15th, there are four hours of visual discomfort predicted in the living room. 
Figure 6.53 shows that the levels of illuminance at the centre of the living room at midday on June, July 
and August 15th, are above 100lux. As previously discussed, the higher levels of diffused solar radiation, 
that occur during the rainy season, are not easily obstructed by shading elements, such as the balcony, 
around the north-western facade of the living room. Hence, more daylight is able to reach the areas at 
the centre of the room, even though the maximum illuminance levels across the room during these three 
days are six times lower than the maximum levels predicted on December 15th. Nevertheless, the 
uniformity ratios in the living room on these days are consistently low (around 0.1).  
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By contrast, there are two to six hours of visual discomfort in the bedroom on the days during the rainy 
season. There is an hour of insufficient daylighting predicted in the room in the morning and around 
midday on May 15th. Figure 6.55 shows that on May and October 15th the level of illuminance at midday 
are only sufficient (above 100lux) in the parts of the room that are next to the window. On the other 
hand, the levels of illuminance around the window on June, July and August 15th, are above 1,000lux and 
most parts of the room have sufficient illuminance levels of above 100lux. Yet, the daylight distribution 
in the bedroom during these three days is just above 0.1. Unlike the other days of the rainy season, there 
are five hours of visual discomfort predicted in the room on September 15th, of which three hours are 
due to the over-illumination. 
The results predict that the living room and the bedroom are visually uncomfortable for approximately 
35% and 46% of the period assessed respectively. The window on the south-eastern facade of the living 
room has a significant impact on illuminance levels and solar gains in the living room, as the projected 
walls on either side of the window wall do not effectively block out sunlight. However, due to the depth 
of the room, the higher levels of illuminance around the windows often do not lead to sufficient 
illuminance in the middle of the room. Any additional rigid shading design for such a room will be likely 
to make the room darker. Thus, flexible shading devices might be more appropriate for limiting solar 
radiation at specific times.  
 
 
 
 
 
 
 
Figure 6.57 The illuminance level on the working plane across the living room in RB6 at 1pm on December and June 15th
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As previously discussed (Chapter four), the options for improving the distribution of daylight in deep side-
lit rooms are limited. Increasing the size of the window area in the room might increase the level of 
illuminance in the areas by the windows. However, it is likely that this approach will not significantly 
improve the illuminance level in the deepest parts of the room. As illustrated in figure 6.57, even though 
the illuminance levels near the window are twice as high at 1pm on June 15th as the illuminance levels 
near the windows at 1pm on December 15th, the illuminance levels at the centre of the room are similar 
on both days. Given that the daylight illuminance levels diminish disproportionately at distances further 
away from the windows, additional measures, such as using an anidolic light-duct3, can improve the inter-
reflection of light in rooms and make the lighting in the room more uniform. However, it will be difficult 
and/or expensive to retrofit such a device in existing houses. Thus, attention should be paid to room 
depth and geometry in regional building regulations.  
It is expected that most of the high levels of illuminance in the bedroom will be focused in the areas by 
the windows of the room, especially in the afternoons on the days during the dry season. While the high 
levels of illuminance around these windows at these times can be reduced using shading devices, rigid 
shading elements will be likely to lead to more hours of insufficient illuminance in the room in the 
mornings. Moreover, shading elements will reduce the amount of daylight that is able to reach the parts 
of the room further away from the windows, especially around May and October 15th, when the daylight 
levels are already well below the lower limit of acceptability in many parts of the room. Hence, it might 
be more beneficial to use flexible external shading elements to temporarily block or filter the sunshine in 
the afternoons. The impact of fixed shading elements on the visual conditions in selected cases is 
examined further in the next chapter. 
 
 
 
                                                          
3 A device that concentrates daylight in a collector and transfers it to a duct situated between the collector and 
a distributor which spreads daylight inside the room (Roshan et al. 2014). 
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6.2.7 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 7 (RB7) 
 
 
 
 
 
 
 
 
 
6.2.7.1 THERMAL CONDITION ANALYSIS 
Table 6.11 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB7 
 Outdoor dry-bulb 
temperatures 
Acceptability 
limits 
Case study building 7 (RB7) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 29.8 31.3 28.6 19 28.5 30.6 27.0 7 
DEC 26.1 35.2 18.2 29.4 22.4 29.9 32.0 28.7 15 28.5 31.0 26.6 7 
JAN 27.3 34.5 20.8 29.7 22.7 30.6 32.4 29.2 18 29.5 31.7 27.7 10 
FEB 30.0 36.0 24.3 30.4 23.4 32.5 34.6 30.7 23 31.7 34.2 29.6 17 
MAR 31.5 37.0 26.4 31.0 24.0 33.6 35.8 31.6 23 33.2 35.7 30.9 21 
APR 29.2 34.9 24.3 30.7 23.7 31.8 33.6 30.3 16 31.4 33.7 29.4 14 
MAY 26.9 30.9 23.4 29.8 22.8 29.9 31.1 29.0 11 29.5 31.2 28.3 9 
JUN 26.1 29.8 22.8 29.5 22.5 29.0 29.9 28.2 5 28.6 30.0 27.4 5 
JUL 24.6 28.0 21.4 29.0 22.0 28.1 28.8 27.5 2 27.6 28.7 26.5 2 
AUG 24.3 28.4 21.7 28.9 21.9 28.4 29.0 27.8 3 27.7 28.9 26.7 2 
SEP 25.1 29.7 21.6 29.0 22.0 28.8 29.8 28.1 8 28.2 29.7 27.0 5 
OCT 25.3 30.1 21.6 29.2 22.2 29.0 30.1 28.2 7 28.1 29.7 27.0 4 
YEAR 26.9 32.2 22.3 29.7 22.7 30.1 31.5 29.0 13 29.4 31.3 27.8 8 
Note: all values except HTD (hours) in ˚C 
At the start of the dry season in November, the monthly maximum operative temperature in the living 
room and the bedroom are approximately 1°C and 2°C lower than the monthly maximum outdoor dry-
bulb temperature (32.4°C). Yet, there are 19 hours of thermal discomfort daily in the living room and 12 
fewer hours calculated in the bedroom. There are also 15 and 18 hours of thermal discomfort daily 
calculated for the living room in December and January, while there are eight fewer hours in the bedroom. 
In March and April, the monthly mean operative temperatures in the living room (33.6°C and 31.8°C 
respectively) and in the bedroom (33.2°C and 31.4°C respectively) are almost the same. Yet, there are still 
Figure 6.58 Plan of selected rooms in case study building 7 
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two more hours of thermal discomfort in the living room (23 and 16 hours daily) than in the bedroom (21 
and 14 hours daily) during these two months. The high frequency of thermal discomfort in the living room 
during the dry season (most notably in November) is a consequence of the lower fluctuations between 
the temperatures in the room in the early morning and around midday.   
There are eleven and nine hours of thermal discomfort a day in the living room and the bedroom in May, 
while there are five hours of thermal discomfort daily in both rooms in July.  In July and August, there are 
still two to three hours of thermal discomfort daily in the living room and two hours daily in the bedroom. 
Furthermore, in September there are eight and five hours of thermal discomfort in the living room and 
the bedroom respectively. A similar trend occurs in October, when there are seven hours of thermal 
discomfort in the living room and three fewer hours calculated in the bedroom. Similar to the dry season, 
there are two or three more hours of thermal in the living room compared to the bedroom during the 
rainy season.  
The calculated results indicate that there will be 4,503 and 3,049 hours of thermal discomfort in the living 
room and the bedroom respectively, under the typical annual climatic conditions in Abuja. This represents 
51% and 35% of the year. Based on the predicted operative temperature in the rooms, the temperatures 
and frequency of thermal discomfort in the living room are consistently higher throughout the year than 
in the bedroom (on average 0.7°C).  
Although the design of the living rooms in RB6 and RB7 is similar, the living room in RB7 has a larger floor 
area (approximately 38m2) than RB6 (32.5m2). Moreover, the living room in RB7 has window wall areas 
orientated north-east and south-west, with balconies around either window wall, which limit the levels 
of solar radiation reaching the room through these external wall areas. However, the fenestration factor 
of the room (10%) is around the minimum specified in the 2006 Nigerian building code, and the openable 
window area to floor area of the room (4.5%) is smaller than the size ratio specified in the building codes 
(5%). These design characteristics can have a negative impact on cross ventilation in the room and 
consequently cause more hours of thermal discomfort. Thus, further analysis was carried out to 
determine the impact of the room’s design characteristics on the diurnal temperatures and levels of solar 
gain (see figure 6.59 to 6.61). 
Chapter six 
Page 252 of 431 
 
The bedroom, on the other hand, has a primary window area orientated north-west, which is unshaded 
(W3), and a second window on the north-eastern facade, which is shaded by 0.6m wall projections on 
either side (W4). While the orientation of the window walls limits the amount of solar radiation reaching 
the room and particularly during the dry season, it is likely that the sunlight reaching the room through 
the window on the north-west facade around sunset leads to increased levels of solar gain in the room. 
Moreover, the room, which has a floor area of approximately 29m2, also has an openable window to floor 
area (approximately 5%) that is around the minimum specified in the building codes. The small openable 
window area to floor area ratio might make it difficult for the room to be effectively cooled through cross 
ventilation as often as is required for thermal comfort.  
The results from the analysis of the monthly temperatures in both rooms suggest that the appropriate 
sizing of openings in relation to room sizes in naturally ventilated buildings cannot be determined in 
isolation without consideration of orientation. Therefore, figures 6.59 to 6.61 are used to examine how 
the design characteristics of both rooms in RB7 influence the thermal conditions over the diurnal period. 
 
 
 
 
 
Figure 6.59 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB7 on the 15th of each month during the dry and rainy season 
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Figure 6.59 gives useful indications of why the frequency of thermal discomfort in the living room is 
significantly greater than that of the bedroom. On November 15th, the operative temperatures in both 
rooms are within the acceptable temperature range in the morning. However, the operative temperature 
in the living room rises above the upper limits of acceptability two hours earlier than that of the bedroom. 
Figure 6.61 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB7 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.60 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB7 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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In addition, the temperatures in both rooms cool off at night, but only the operative temperature in the 
bedroom drops below the upper limits of acceptability. Consequently, there are six more thermal 
discomfort hours calculated in the living room on this day. There are six to seven hours in the morning 
and at night, during which the operative temperatures predicted in the bedroom are within the 
acceptable range on December and January 15th. By contrast, the living room’s predicted operative 
temperatures are only within the acceptable range for six hours in the morning on December 15th, and 
are above the upper limits of acceptability throughout January 15th. By March 15th, both rooms are 
predicted to have 24 hours of thermal discomfort and the bedroom’s maximum operative temperature 
is above 36°C and nearly 1°C higher than that of the living room. The bedroom also has a higher maximum 
operative temperature than the living room on April 15th. Yet, there are seven hours of thermal comfort 
predicted in the bedroom, while the living room is expected to be thermally uncomfortable throughout 
the day.  
Figures 6.60 and 6.61 show that the levels of solar gain in the living room on the days during the dry 
season are lower than the levels predicted in the bedroom. On average, the hourly levels of solar gain in 
the bedroom on the days during this season (0.24kW) are twice as high as the levels in the living room. 
This indicates that the balconies on either side of the living room provide significant cover from solar 
radiation for the majority of the time. The north-western orientation of the bedroom’s primary window 
(W3), which is unshaded, causes more solar gain (particularly on March and April 15th), when the sun is 
on a more northern path. These are the only two days when the predicted maximum hourly levels of solar 
gain in the room reach about 0.5kW. Moreover, the external wall area of the living room (approximately 
24m2) is smaller than that of the bedroom (32.5m2). Thus, the level of heat transfer through the walls of 
the living room are relatively low in comparison to the bedroom. Nevertheless, the possibilities to 
effectively cooling down the living room at night using cross ventilation are limited. The operative 
temperatures in the living room often remain around or above the upper limits of acceptable 
temperature, even when the outdoor dry-bulb temperatures are as low as 20°C. Both the air 
temperatures and mean radiant temperatures in the living room are often about 1°C higher than those 
in the bedroom, particularly on the days during the first three months of the dry season. This indicates 
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that the living room does not cool down to the same extent as the bedroom overnight. As a result, even 
on days when high levels of solar gain contribute to higher maximum operative temperatures in the 
bedroom, there is more frequent thermal discomfort in the living room.   
On May 15th, the predicted maximum operative temperatures in the living room and the bedroom are 
31.9°C and 32.3°C respectively, with 13 hours of thermal discomfort calculated for both rooms. The higher 
operative temperature in the bedroom on that day occurs partly as a result of the high levels of solar gain 
in the room (0.6kW) in the afternoon. In contrast, by June 15th, there are only three and two hours of 
thermal discomfort in the living room and the bedroom respectively, while the operative temperatures 
in both rooms are within the acceptable range throughout July 15th. On August 15th, there are twelve 
and five hours of thermal discomfort in the living room and the bedroom, however, the maximum 
operative temperatures in both rooms are less than 0.5°C above the upper limits of acceptability. Despite 
the outdoor dry-bulb temperature dropping to around 22°C in the early morning on August 15th, the 
lowest operative temperature predicted in the living room is around 28°C, which is less than 1°C below 
the upper limit of acceptability (28.7°C). Thus, when the outdoor temperature rises to 30°C around 11am, 
the operative temperature of the living room rises above the range of acceptable temperatures.  
In general, the results predict that the living room and the bedroom are thermally uncomfortable for 59% 
and 40% of the time assessed. The main reasons why the frequency of thermal discomfort, over the days 
assessed, is nearly 20% higher in the living room, are the depth and fenestration factor of the room. The 
room has a 1.3m and 1.5m deep balcony on the north-eastern and south-western facade respectively. 
These are the only external wall areas of the room, and as such, the levels of solar radiation transmitted 
into the room are relatively low. On average, the hourly levels of solar gain in the room on all 12 days 
assessed is about 0.12kW, as compared with 0.26kW in the bedroom. However, the room is nearly 10m 
deep and the total openable window to floor area ratio is less than 5%, which is below the standard 
specified in the Nigerian national building code for adequate natural ventilation.  
The bedroom has a main window on the north-western facade (W3) that allows high levels of solar 
radiation to reach the room in the afternoons, resulting in some hours of thermal discomfort later in the 
day. Although the north-east facing window (W4) is shaded by walls on either side with a 0.6m projection, 
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which provides some protection from direct solar radiation sometimes, the shading is less effective during 
the rainy season, when the sun is in the north. The room also has an external wall area of over 32.5m2 
(with a u-value of 2.15W/m2K), which leads to more heat being transmitted into the room, particularly in 
the afternoon. While the operative temperatures in the bedroom often drop to within the acceptable 
range of temperatures for several hours late at night and in the morning following the outdoor 
temperatures, the temperatures in the living room do not cool down as rapidly or to the same extent. 
The minimum operative temperatures in the living room on all the days examined are approximately 1°C 
higher than that of the bedroom. Increasing the openable window area might improve the cross 
ventilation in the living room, and additionally, having a larger total window area will allow more daylight 
into the room. The impact of having a larger fenestration factor in this particular room is examined in the 
next chapter.  
6.2.7.2 VISUAL CONDITION ANALYSIS 
Figures 6.62 to 6.65 show the levels of daylight illuminance and the uniformity of lighting in the rooms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.62 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB7 
on the 15th of each month during dry and rainy season  
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Figure 6.64 Images of illuminance levels on working plane of the living room in RB7 at 1pm on the 15th of each month 
Figure 6.63 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB7 
on the 15th of each month during dry and rainy season 
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Figure 6.65 Images of illuminance levels on working plane of the bedroom in RB7 at 1pm on the 15th of each month 
It is calculated that there are four to five hours of visual discomfort in the living room on November, 
December and January 15th, of which three hours are due to insufficient illuminance levels in the room 
on each day. During these days, the illuminance levels predicted in the room are as low as 42lux to 60lux 
(Figure 6.62). On February and March 15th, there are also three and two hours of insufficient illuminance 
levels (below 100lux) in the room in the morning. On April 15th, on the other hand, more sunlight reaches 
the room’s north-east facing window (W1) early in the morning. However, there is still an hour of visual 
discomfort due to insufficient daylighting around 6 pm on this day. Figure 6.62 shows that the distribution 
of daylight across the room on the days during the dry season is also poor. The calculated uniformity ratio 
of daylight illuminance in the room during this season ranges between 0.25 and 0.05. Figure 6.64 reveals 
that the predicted daylight illuminance levels in the room around 1pm are only sufficient in the areas by 
the windows. As expected, the amount of daylight reaching the living room through the main window 
(W1) is limited, because the sun is on a path in the south on these days, and the window on the north-
west façade is shaded by a 1.3m deep balcony. Moreover, the 1.5m deep balcony around the south-west 
facade, in which the second window (W2) is located, often blocks out sunlight for long lasting periods 
during these days. In addition, the area in the centre of the room is over 4.5m away from both of these 
windows; hence, there are very low levels of daylight reaching this area of the room. The results suggest 
that occupants might often need to supplement the available daylight in the room with artificial lighting 
to be able to carry out simple tasks. 
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By contrast, in the bedroom there is only an hour of insufficient daylighting in the morning, on December, 
January and February 15th and there are three to five hours of high illuminance levels calculated on all 
the days assessed during the dry season (Figure 6.63). However, the calculated uniformity ratios of 
daylight distribution in the bedroom are relatively worse than those calculated for the living room. The 
uniformity ratio of daylighting in the bedroom is often below 0.1 and gets lower as the illuminance levels 
across the room increase. Figure 6.65 shows that the illuminance levels across the room around midday 
on the days during the dry season are within the acceptable range in the areas around the north-west 
facing window (W3) and the north-east facing window (W4), while the illuminance in the areas further 
from these windows are five to ten times lower. This is clearly illustrated on March and April 15th in 
particular, when the high amount of sunlight entering the room through the north-west facing window 
in the afternoon leads to high levels of illuminance in the areas by the window. 
On May 15th, there are six hours of visual discomfort predicted in the living room, as a result of 
insufficient daylighting. However, on June, July and August 15th, it is predicted that there are only two 
hours of insufficient day-lighting in the living room. As explained before, the increased levels of diffused 
solar radiation, due to cloudier sky conditions during the rainy season, lead to an increase in the amount 
of daylight reaching the window areas of the room. There is also more sunlight entering the room through 
the north-east facing window, because the sun is on a northern path on these days. In contrast, on 
September and October 15th, it is calculated that there are three and six hours of visual discomfort in the 
room respectively, due to insufficient daylighting in most sections of the room. Despite the higher levels 
of illuminance predicted in the living room in this season, as compared to the dry season, the calculated 
uniformity ratios are still poor (often below 0.2).  
There are three hours of visual discomfort in the bedroom on May 15th, due to high illuminance values 
in the afternoon and the highest illuminance value calculated is about 1,142lux. There are also six hours 
of high daylight illuminance levels around midday on the 15th of June, July and August, but the highest 
illuminance levels predicted on these three days are around 740lux to 760lux. Figure 6.65 shows that the 
predicted levels of illuminance around both windows in the room on these days are over 500lux, but the 
illuminance values in other parts of the room are below the 100lux lower limit of acceptability. The high 
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illuminance levels predicted after midday on September 15th, which rise to about 4,100lux, lead to six 
hours of visual discomfort in the room. By contrast, on October 15th, when the maximum level of 
illuminance in the room is around 750lux, and there are two hours of visual discomfort, as a result of the 
low illuminance received by the room around 7 am and 6 pm.  The calculated uniformity ratios of daylight 
distribution in the bedroom on the days assessed during the rainy season are constantly around 0.05. The 
average illuminance levels at a point on the working plane, 1.5m away from the north-west facing 
window, over the days during the rainy season is 410lux, whereas the average illuminance levels at a 
point 6m away from the window is five times lower.   
The results predict that the living room and the bedroom are visually uncomfortable for approximately 
29% and 39% of the period assessed. The daylight through the windows on either side of the living room 
is effectively limited by the projected walls on either side of the window walls. The elongated shape of 
the room also affects the quality of daylight received in the middle of the room, and thus, its insufficiency 
for the performance of simple visual tasks. The area in the middle of the room might serve as an 
intermediate space between a sitting and dining area at either end of the room, however, occupants may 
find the space awkward and difficult to navigate if the illuminance values are below the 50lux 
recommended by IESNA for ‘simple orientation for short visits’. The use of verandas and balconies in the 
design of the residential buildings can have a negative effect on the availability of daylight, as exemplified 
in the analysis of the visual conditions of the living rooms in RB3, RB6 and RB7. Although other 
parameters, including fenestration factor and room depth, contribute to the low levels of illuminance 
predicted in these rooms, the analysis of the cases shows that the shading elements around the facade 
of the rooms need to be designed with more consideration of how their dimensions impact daylighting. 
Thus, attention should be paid to the sizing of shading components, as well as room depth and geometry 
in regional building regulations. 
The bedroom, which has an unshaded window on the north-western facade, faces similar problems with 
regards to insufficient daylighting in parts of the room further away from the window. However, from 
around midday, particularly during the dry season, the unshaded north-west facing window admits higher 
levels of daylight illuminance, which can cause visual discomfort. While shading devices can be used to 
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limit the sunlight entering the room through the north-west facing window, the use of rigid shading 
devices, as opposed to flexible ones, might lead to longer lasting periods of insufficient daylight 
illuminance in the room in the morning.  
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6.2.8 PERFORMANCE ANALYSIS OF CASE STUDY BUILDING 8 (RB8) 
 
 
 
 
 
 
 
 
 
6.2.8.1 THERMAL CONDITION ANALYSIS 
Table 6.12 The monthly mean, maximum, minimum operative temperatures and average hours of thermal discomfort 
during each month in selected rooms in RB8 
 Outdoor dry-bulb 
temperatures 
Acceptability limits Case study building 8 (RB8) 
Living room Bedroom 
Tdbmean Tdbmax Tdbmin Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 25.8 32.4 20.5 29.4 22.4 28.8 31.1 26.8 12 29.2 31.8 27.0 10 
DEC 26.1 35.2 18.2 29.4 22.4 28.8 31.6 26.4 8 29.4 32.7 26.7 10 
JAN 27.3 34.5 20.8 29.7 22.7 29.9 32.3 27.7 12 30.5 33.2 28.0 14 
FEB 30.0 36.0 24.3 30.4 23.4 32.2 34.8 29.6 18 32.6 35.4 29.8 19 
MAR 31.5 37.0 26.4 31.0 24.0 33.8 36.3 31.0 21 33.9 36.5 31.1 21 
APR 29.2 34.9 24.3 30.7 23.7 31.8 34.3 29.5 15 31.8 34.2 29.5 15 
MAY 26.9 30.9 23.4 29.8 22.8 29.8 31.7 28.2 11 29.7 31.5 28.2 10 
JUN 26.1 29.8 22.8 29.5 22.5 28.7 30.4 27.3 6 28.7 30.3 27.3 6 
JUL 24.6 28.0 21.4 29.0 22.0 27.6 29.0 26.4 3 27.6 28.9 26.3 2 
AUG 24.3 28.4 21.7 28.9 21.9 27.8 29.1 26.5 3 27.8 29.2 26.4 4 
SEP 25.1 29.7 21.6 29.0 22.0 28.3 30.0 26.9 7 28.4 30.1 26.9 7 
OCT 25.3 30.1 21.6 29.2 22.2 28.3 30.1 26.8 5 28.4 30.3 26.9 6 
YEAR 26.9 32.2 22.3 29.7 22.7 29.7 31.7 27.8 10 29.8 32.0 27.8 10 
Note: all values except HTD (hours) in ˚C 
At the start of the dry season in November, the monthly maximum operative temperature of the living 
room is 1.3°C lower than the monthly maximum outdoor dry-bulb temperature (Table 6.12), while the 
monthly maximum operative temperature of the bedroom is 0.6°C lower than the monthly maximum 
outdoor dry-bulb temperature. In spite of that, it has been calculated that on average, there are 12 hours 
of thermal discomfort daily in the living room in November, and ten hours of thermal discomfort a day in 
the bedroom. Contrastingly, the monthly maximum operative temperature of the bedroom is also 
approximately 1°C higher than that of the living room in December, January and February, resulting in 
two and one more hours of thermal discomfort daily in the room during these months. It is predicted that 
Figure 6.66 Plan of selected rooms in case study building 8 
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both rooms will be thermally uncomfortable for 21 and 15 hours a day over March and April respectively. 
In general, the simulation results show that between December and February the operative temperatures 
in the bedroom are slightly higher, leading to one to two more hours of thermal discomfort. As with the 
rooms in RB4 this is due to the fact that the bedrooms window are orientated east (Figure 6.66). 
In May, there are four and five fewer hours of thermal discomfort a day in the living room and the 
bedroom during the month, as compared to April. It is predicted that in June there are six hours of thermal 
discomfort in the rooms, while there are three and four fewer hours of thermal discomfort daily in the 
living room and the bedroom in July. There are also three and four hours of thermal discomfort predicted 
in the living room and the bedroom in August. At the end of the rainy season in October, it is predicted 
that the living room and the bedroom will be thermally uncomfortable for five and six hours respectively. 
On average, there are approximately six hours of thermal discomfort calculated for either room during 
the months of the rainy season. More sunlight reaches the windows (W1 and W3) on the north-east 
facing wall of the living room and the bedroom during the rainy season, because the sun is on a northern 
path for most of the season. Nevertheless, the cooler outdoor temperatures and lower levels of direct 
solar radiation during the rainy season, lead to the calculated frequency of discomfort in the rooms being 
on average eight to nine hours shorter than during the dry season. 
The results calculated for the year indicate that there will be 3,555 and 3,765 hours of thermal discomfort 
in the living room and the bedroom under the typical annual climatic conditions in Abuja. This represents 
a 41% and 43% frequency of thermal discomfort in the living room and the bedroom over the entire year.  
Both rooms have a main window wall area orientated north-east, which allows significant levels of solar 
radiation to reach the room in the morning during both seasons. Although the main window of the living 
room (W1) is 0.6m2 larger than that of the bedroom (W3), the bedroom also has a second window (W4) 
on the south-eastern facade, which leads to high levels of solar gain around midday, when the outdoor 
temperatures are also relatively higher. Thus, these facade characteristics of the rooms can contribute to 
higher maximum temperatures in the bedroom, as compared to the living room, especially during the dry 
season when the sun is on a southern path.  
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Despite the differences in the facade configurations and layout of the rooms, there is only a 2% difference 
in the frequency of thermal discomfort calculated for both rooms during the year. The similarity in their 
annual performance can be partly attributed to the fact that both rooms are orientated north-east, and 
the external wall area of the living room (32.7m2) and the bedroom (31.6m2) are almost the same. Based 
on that, further examination of the diurnal conditions anticipated in both rooms were carried out to 
establish how these latter parameters and other variables of the design of the rooms influence indoor 
thermal comfort.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.67 The outdoor dry-bulb temperatures, acceptable temperature range and operative temperatures in selected 
rooms in RB8 on the 15th of each month during the dry and rainy season 
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On November, December and January 15th, the operative temperatures in both rooms are within the 
acceptable temperature range in the morning and late at night. However, the maximum operative 
temperatures in the bedroom is about 1°C higher than that of the living room in the afternoon. There are 
one to two fewer hours of thermal discomfort in the living room on these days. On February 15th, both 
Figure 6.68 The level of solar gain, the operative, mean radiant and air temperatures in the living room of RB8 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
Figure 6.69 The level of solar gain, the operative, mean radiant and air temperatures in the bedroom of RB8 in 
comparison to the outdoor dry-bulb temperatures on the 15th of each month during the dry and rainy season 
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rooms seem to experience similar hours of thermal discomfort (20 hours in the living room and 19 hours 
in the bedroom). Furthermore, on March 15th, both rooms are thermally uncomfortable for the whole 
day, with a maximum operative temperature of 37°C in the living room and 36.6°C in the bedroom. These 
figures are higher than the predicted maximum operative temperatures for the rooms in RB1, RB3, RB4, 
RB5, RB6, RB7 and the bedroom in RB2 on the same day. On April 15th, the maximum operative 
temperatures in both rooms are still high (around 36°C), leading to 22 hours of thermal discomfort in the 
bedroom and 17 hours in the living room.   
Figure 6.67 reveals that the operative temperatures in the bedroom rise faster than those predicted in 
the living room on the days assessed during the dry season, except on March 15th. March 15th is also the 
day when the highest level of solar gain in the living room is calculated (just below 1.4kW) (Figure 6.68). 
By contrast, with the exception of April 15th, the maximum levels of solar gain in the bedroom on the 
days during the dry season are constantly around or above 1.5kW (Figure 6.69). The maximum levels of 
solar gain predicted in the bedroom in the morning are caused by sunlight reaching the room through 
both the north-east (W3) and south-east (W4) facing windows, when the sun is at a low angle facing the 
eastern facade.  
Although on May 15th, there are 14 hours of thermal discomfort in both rooms, and the maximum 
operative temperatures are about 2°C higher than the maximum outdoor dry-bulb temperature, on June 
15th, there are three hours of thermal discomfort in both rooms. Moreover, the operative temperatures 
in both rooms are within the acceptable range throughout July 15th (Figure 6.67). On August 15th, there 
are eight and seven hours of thermal discomfort in the living room and bedroom respectively. On 
September, there are two more hours of thermal discomfort in the living room, as compared with the 
bedroom; while on October 15th, there are three fewer hours of thermal discomfort in the living room. 
As shown in figure 6.70, between 5pm and 11pm on September 15th, the air temperatures predicted in 
the bedroom are 0.2°C to 1.1°C lower than the air temperatures in the living room. The trend is reversed 
on October 15th, when the air temperatures predicted in the living room between 4pm and 11pm are 
0.1°C to 1°C lower than the air temperature in the bedroom. Due to the southern movement of the sun 
between September and October 15th, less solar radiation reaches the north-western facade of the living 
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room on October 15th, and thus, the temperature in the room cools down faster on this day, as compared 
to the bedroom. 
 
 
 
 
 
The average hourly levels of solar gain in the living room (0.4kW) and the bedroom (0.35kW) are 0.01kW 
and 0.2kW lower than the average levels respectively during the dry season. Although the sun is in the 
north for most of the days during the rainy season, the increased cloud cover in Abuja limits the amount 
of solar radiation that reaches the buildings facades, hence, the levels of solar gain in the rooms only rise 
over 1kW in the morning on September 15th. 
In general, the results predict that the living room and the bedroom are thermally uncomfortable for 47% 
and 50% of the time assessed. The living room and the bedroom have a window area of 2.4m2 and 1.8m2, 
orientated north-east. Thus, throughout the year, the windows are exposed to high levels of solar gain; 
this results in temperature increases and more frequent thermal discomfort in both rooms. Moreover, 
the living room and the bedroom have another window on the north-western and the south-eastern 
facade respectively that contribute to high operative temperatures in the afternoon on the days assessed. 
While the positioning of windows on opposite or adjacent walls can be an effective means of cross-
ventilation, having large areas of unshaded openings and walls, regardless of orientation, in Abuja’s 
climate undermines the positive effect of cross-ventilation.  
 
 
 
Figure 6.70 Air temperatures in selected rooms in RB8 on the 15th of September and October 
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6.2.8.2 VISUAL CONDITION ANALYSIS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.71 The average daylight illuminance levels and uniformity ratio on the working plane of the living room in RB8 
on the 15th of each month during dry and rainy season 
Figure 6.72 The average daylight illuminance levels and uniformity ratio on the working plane of the bedroom in RB1 
on the 15th of each month during dry and rainy season 
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Living room 
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Figure 6.73 Images of illuminance levels on working plane of the living room in RB8 at 1pm on the 15th of each month 
Living room 
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Figure 6.74 Images of illuminance levels on working plane of the bedroom in RB8 at 1pm on the 15th of each month 
On the days assessed during the first four months of the dry season, it is predicted that the living room 
will experience two to three hours of visual discomfort, due to high levels of illuminance from around 
7am to 10am (Figure 6.71). Whereas five hours of visual discomfort is predicted in the room on March 
15th, on April 15th, the frequency of visual discomfort predicted in the room, due to the high level of 
illuminance received, increased to ten hours. Overall, the illuminance levels predicted in the room are 
within the acceptable range (100lux to 500lux) after 10 am on November through to March 15th, but 
they are only within the acceptable range for two hours in the afternoon on April 15th (Figure 6.71). 
Figure 6.73 shows that the levels of daylight illuminance levels around midday are significantly higher 
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than the upper limits of acceptability in the parts of the room around the windows, while the illuminance 
levels in other parts of the room around midday are above 100lux. As a consequence of this disparity 
between the amount of daylight by the windows and the rest of the room, the calculated uniformity ratios 
in the living room on the days assessed during this season are constantly below 0.3.  
It is predicted that the bedroom will also experience high levels of illuminance from around 7am on the 
days assessed during the dry season. However, it is anticipated that the illuminance levels in the room 
will remain above the upper limit of acceptability for six to seven hours (until around 1pm) on all the days 
assessed during the dry season. Despite the higher frequency of visual discomfort in the bedroom, relative 
to the living room, the distribution of daylight in the room is slightly better than that of the living room. 
The uniformity ratios in the bedroom fluctuate between 0.1 when the illuminance levels are high, and 
0.35 when the illuminance levels are within the acceptable range (Figure 6.72).  However, figure 6.74 
shows that the amount of daylight available in the area by the south-east facing window, in particular, is 
two to ten times higher than predicted levels near the opposite wall around midday. 
On May 15th, there are six and five hours of visual discomfort in the living room and the bedroom 
respectively. The distribution of daylight is also poor on this day in both rooms. Figures 6.71 and 6.72 
show that only the areas around the windows in the rooms are sufficiently day-lit around midday on May 
15th. On June, July and August 15th, both rooms seem to experience a high level of illuminance for most 
of the day, thus, nine to ten hours of visual discomfort are predicted in the rooms on these days. However, 
the highest levels of illuminance predicted in the living room and the bedroom on these days are around 
1250lux and 1200lux, which are about five times lower than the maximum levels predicted in either room 
during the dry season. The illuminance levels in most parts of the rooms on these three days are higher 
than 1,000lux, thus, the low uniformity value presented in the figures, particularly in the living room (0.1).   
The patterns of daylight distribution in the rooms on September and October 15th, are almost the same 
as those predicted during the dry season. There are six and four hours of visual discomfort in the living 
room on September and October 15th respectively, mainly because of the high amount of sunlight being 
transmitted into the rooms through the east facing windows between 8am and 10am. There are also four 
hours of visual discomfort in the bedroom on these two days, and an hour of insufficient daylighting in 
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the room around 6pm on October 15th. The highest levels of illuminance predicted on these days in the 
living room and the bedroom are around 1,000lux and 1,340lux respectively, which are about four to five 
times lower than the maximum values predicted in the dry season.  
The results indicate that the living room and the bedroom are visually uncomfortable for approximately 
50% and 56% of the period assessed. In the mornings, both rooms are exposed to high levels of solar 
radiation through the north-east facing windows. During the dry season, the sun moves along a southern 
path, thus, apart from three to four hours in the morning, the amount of sunlight entering the living room 
through the north-east and north-west facing window (W1 and W2) is low. However, on April 15th, when 
the sun’s azimuth angle is around 90˚, more sunlight enters the room through the north-west facing 
window. The bedroom in the case study building has windows on the north-eastern and south-eastern 
facade (W3 and W4). Thus, it is exposed to more sunlight from the early morning to around midday during 
that season. During the rainy season, when the sun moves along a more northern path, the daylight 
entering both rooms (particularly through their north-east facing windows) is high around midday. 
However, as previously stated, there is typically more cloud cover during the rainy season, particularly 
from June to August. Thus, there is less direct sunlight entering either room.  
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6.3 INFERENTIAL COMPARISON OF PERFORMANCE OF BUILDINGS  
The most important factor that influences the level of thermal comfort in the buildings is the contrast in 
conditions between the two seasons. The analysis of the simulation results discussed before and 
summarised in tables 6. 6.13 and 6.14, clearly shows the impact of Abuja’s two main climatic seasons on 
the thermal and visual performance of its residential buildings. As shown in the table, the values of the 
frequency of thermal discomfort predicted on the days assessed during the dry season in the eight 
selected cases, are between 56% and 87%, while the predicted values during the rainy season dropped 
greatly, ranging between 9% and 30%. These values indicate that the hours of thermal discomfort in the 
studied cases can drop from around 2,433 and 3,842 hours during the dry season to around 397 and 1,303 
hours during the rainy season.  
Previous studies (Nicol, 2004; Ogbonna & Harris, 2008) suggested that occupants in naturally ventilated 
buildings in a warm climate desire a lower comfort temperature if the relative humidity is above 75%. 
Notwithstanding, the level of relative humidity in the selected rooms rises above 75% for less than 1% of 
the time during the dry season (43 hours), and between 3% and 27% of the time during the rainy season 
(133-1,192 hours). The high levels of humidity in Abuja, particularly during the rainy season, might affect 
occupants’ sense of thermal discomfort. However, they often occur in the mornings and late at night, 
when the outdoor dry-bulb temperatures are around 10˚C lower than the midday maximum outdoor dry-
bulb temperatures. This trend is exemplified by the comparison between the temperatures and relative 
humidity levels in the living room in RB2 illustrated in figure 6.75. 
 
 
 
 
 
Figure 6.75 Living room operative temperature and relative humidity levels on June, July and August 15th in RB2, with 
line showing the 75% humidity threshold 
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The impact the variation in the climatic conditions between the two seasons has on the visual conditions 
indoors is also obvious. The values of the frequency of visual discomfort predicted on the days assessed 
during the dry season, in the eight cases are between 12% and 86%, while the values predicted during 
the rainy season are between 29% and 73%. The values imply that on average there are between one and 
ten hours of visual discomfort in the rooms during the dry season, while there are between three and 
nine hours of visual discomfort during the rainy season. The visual conditions are primarily influenced by 
the sun’s movement from the south (during the dry season) to north (in the middle of the rainy season) 
of the region and the increased cloud cover in Abuja during the rainy season. The level of solar radiation 
during the dry season is much higher, because of the lower levels of cloud cover typically experienced 
from November through to April. However, the average daily total diffused solar radiation increases from 
around 1,900W/h/m2 in January to over 2,800W/h/m2 in June (NIMET, 2014), because of the increased 
cloud cover during the rainy season. Nevertheless, is beneficial for rooms, such as the living rooms in RB6 
and RB7, which have deep plans and shading devices around the window walls, because the higher levels 
of diffused sunlight improve the distribution of daylight in the room (Figure 6.76). As a result, there are 
more hours during which the levels of illuminance across the room, and particularly in the middle of the 
rooms, are within the acceptable range for visual comfort during the rainy season.  
While these seasonal changes in the climatic condition have an impact on the visual conditions, due to 
the sun’s daily movement from east to west and annual movement from south to north, the orientation 
of the rooms’ openings also has a predominant effect on the frequency of visual discomfort. 
Room RB6 LR RB7 LR 
Orientation NW (315˚) NE (30˚) 
Depth (m) 9.5 9.5 
Month May July May July 
 
  
  
Figure 6.76 Images of illuminance levels on working plane of the living room in RB6 and RB7 at 1pm on the 15th of May 
and July 
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Table 6.13 Summary of performance of RB1-RB4 
Building RB1 RB2 RB3 RB4 
Room LR BR LR BR LR BR LR BR 
Volume (m3) 56.7 39.6 54.5 27.7 22.9 22.9 53.6 37.9 
Floor area (m2) 21.0 14.7 21.4 10.9 9.0 9.0 19.9 14.1 
External wall area (m2) 13.2 23.4 34.2 23.4 18.3 18.3 24.9 24.9 
Window area (m2) 3.6 1.6 3.8 2.1 1.0 2.6 5.8 3.1 
Orientation 0 0 180 0 0 180 150 150 
Window to wall ratio (%) 26.9 7.1 11.1 9.1 5.2 13.9 23.3 12.5 
Fenestration factor (%) 17.1 10.8 17.8 19.3 11.0 28.8 29.1 22.0 
Openable window to floor area (%) 7.7 4.9 8.0 8.7 5.0 13.0 13.1 9.9 
U-value 
(W/m2K) 
Walls 3.029 3.029 3.029 3.029 2.148 2.148 2.148 2.148 
Windows 5.224 5.224 5.224 5.224 5.224 5.224 5.224 5.224 
Roof 3.788 3.788 3.788 3.788 3.788 3.788 3.788 3.788 
Floor 2.380 2.380 2.380 2.380 2.380 2.380 2.380 2.380 
Frequency of 
thermal 
discomfort 
Year (%) 35.1 43.1 42.0 40.3 32.6 36.1 44.8 44.1 
Dry season (%) 59.0 64.6 63.9 61.1 56.3 56.3 63.2 62.5 
Rainy season (%) 11.1 21.5 20.1 19.4 9.0 16.0 26.4 25.7 
AUC 
thermal 
discomfort 
Year (Avg) 13.1 19.2 22.9 20.5 14.0 17.4 20.8 24.2 
Dry season (Avg) 23.3 33.8 41.1 36.3 25.0 30.4 36.6 42.1 
Rainy season (Avg) 2.9 4.6 4.7 4.7 2.9 4.5 5.1 6.3 
Frequency of 
visual 
discomfort 
Year (%) 25.0 22.2 68.1 47.2 26.4 79.9 50.0 60.4 
Dry season (%) 12.5 13.9 72.2 40.3 20.8 86.1 52.8 69.4 
Rainy season (%) 37.5 30.6 63.9 54.2 31.9 73.1 47.2 51.4 
AUC 
visual 
discomfort 
Year (Avg) 693.9 177.9 13123.1 1687.4 72.9 14487.8 8940.4 3074.3 
Dry season (Avg) 31.7 9.9 23031.7 532.2 58.6 16906.1 16166.2 4694.5 
Rainy season (Avg) 1366.1 345.9 3214.5 2842.6 87.1 12069.5 1714.5 1454.0 
Note: AUC- Area Under the Curve, LR-Living room, BR-Bedroom 
 
Table 6.14 Summary of performance of RB5-RB6 
Building RB5 RB6 RB7 RB8 
Room LR BR LR BR LR BR LR BR 
Volume (m3) 38.4 30.3 87.7 39.3 101.9 78.4 71.9 66.4 
Floor area (m2) 15.1 11.9 32.5 14.5 37.8 29.2 25.4 23.4 
Ext. wall area (m2) 23.0 22.0 20.2 25.5 23.9 32.5 32.7 31.6 
Window area (m2) 2.5 2.5 4.0 2.4 3.8 3.2 4.2 3.6 
Window wall orientation 175 355 315 315 30 300 30 30 
Window to wall ratio (%) 11.0 11.5 19.6 9.3 15.9 9.9 12.8 11.4 
Fenestration factor (%) 16.7 21.2 12.2 16.3 10.1 11.0 16.6 15.4 
Openable window to floor area (%) 7.5 9.5 5.5 7.4 4.5 5.0 7.4 6.9 
U-value 
(W/m2K) 
Walls 2.148 2.148 2.148 2.148 2.148 2.148 2.148 2.148 
Windows 5.224 5.224 5.224 5.224 5.224 5.224 5.224 5.224 
Roof 3.788 3.788 3.788 3.788 3.788 3.788 3.788 3.788 
Floor 2.380 2.380 2.380 2.380 2.380 2.380 2.380 2.380 
Frequency of 
thermal 
discomfort 
Year (%) 46.5 42.7 42.4 38.9 58.7 40.6 47.2 50.0 
Dry season (%) 70.1 61.8 70.8 62.5 87.5 60.4 66.0 71.5 
Rainy season (%) 22.9 23.6 13.9 15.3 29.9 20.8 28.5 28.5 
AUC 
thermal 
discomfort 
Year (Avg) 20.8 20.2 16.2 19.1 21.0 18.3 23.7 25.9 
Dry season (Avg) 37.4 35.6 29.0 33.9 37.1 32.0 40.9 45.0 
Rainy season (Avg) 4.2 4.7 3.3 4.2 4.8 4.7 6.5 6.8 
Frequency of 
visual 
discomfort 
Year (%) 43.8 49.3 34.7 45.8 28.5 38.9 50.0 55.6 
Dry season (%) 37.5 41.7 40.3 55.6 27.8 33.3 36.9 54.2 
Rainy season (%) 50.0 56.9 29.2 36.1 36.1 44.4 63.9 56.9 
AUC 
visual 
discomfort 
Year (Avg) 7139.7 6123.9 3095.0 1237.1 150.7 2940.6 5039.6 4692.7 
Dry season (Avg) 12171.7 8344.4 5857.3 1900.6 190.3 3470.7 6804.2 6348.5 
Rainy season (Avg) 2107.7 3903.4 332.8 573.5 111.0 2410.4 3275.0 3036.8 
Note: AUC- Area Under the Curve,  LR-Living room, BR-Bedroom 
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From the analysis of the results discussed, it is notable that there are four different ways in which 
discomfort can occur with regards to the operative temperature levels and illuminance levels during the 
day. Firstly, the values of either the operative temperatures or illuminance levels can fluctuate around 
the limits of acceptability; infrequently rising above, or falling below the limits by a few degrees or lux for 
a short period of time (zone 1) (Figure 6.77). Secondly, the values can be constantly higher or lower than 
the limits of acceptability, but only by a few degrees or lux (zone 2). Thirdly, the values can fluctuate 
considerably below or above the limits of acceptability, for a limited period of time (zone 3). Finally, the 
values can fluctuate considerably above or below the limits of acceptability for a long lasting period of 
time (zone 4). The Area Under the Curve (AUC), described in section 5.2.2, combines the frequency of 
discomfort and fluctuations in the temperatures or illuminance levels. The calculated value of the area 
under the curve (AUC), the frequency of thermal discomfort (FTD) and visual discomfort (FVD) over the 
days assessed are used to facilitate the assessment of the selected rooms in this section. It is also used to 
assess the effectiveness of using various passive design elements in the buildings in the next chapter.  
 
 
 
 
 
 
 
 
 
 
Figure 6.77 Fluctuation scenarios for frequency of thermal discomfort (FTD) and Area Under the Curve (AUC) for 
thermal discomfort 
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Figure 6.78 shows the frequency and area under the curve values for the visual and thermal discomfort 
calculated for the days during both the dry and the rainy season. The two worst cases, in terms of the 
frequency and intensity of thermal and visual discomfort, are also highlighted in these graphs. The 
subsequent parts of this section discuss some of the main parameters that influence the visual and 
thermal performance of the eight cases that are illustrated in these figures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The literature reviews carried out in Chapters three and four identified a number of design 
parameters that have a critical impact on the performance of buildings (Table 6.15). While the impact 
of some of these design parameters on the internal conditions is obvious in most of the selected 
Figure 6.78 The zonal classification of the rooms assessed, according to the frequency and intensity of thermal and 
visual discomfort predicted in the room on the 15th of each month during the dry and rainy season  
Chapter six 
Page 277 of 431 
 
rooms, it is difficult to isolate the impact of these parameters, because of the variety of room layouts 
and facade designs in the case study buildings. Thus, in order to effectively quantify the impact of 
the design parameters, a number of variables are examined in modified versions of certain cases in 
the next chapter. 
Table 6.15 Design parameters that influence thermal and visual conditions in a room 
 Thermal Visual Key findings  
Parameters  Parameters   
T
h
e
 r
o
o
m
 
Facade orientation Facade orientation Facade orientation 
Room dimensions  Room dimensions   
External wall area Window position in wall External wall area 
Internal volume Window shape  
Window orientation Window orientation Window orientation 
Window area Window area Window area 
Window layout and location Window layout and location  
Facade shading elements Facade shading elements Facade shading elements 
Window shading elements Window shading elements  
Window shading element proportions Window shading element proportions  
Fenestration factor Fenestration factor Fenestration factor 
Window to wall ratio Window to wall ratio  
Reflectance of external surfaces Reflectance of internal surfaces  
 Texture of internal surfaces  
Thermal transmittance of components 
of building envelope 
Visual transmittance of transparent  
components of building envelope 
 
Glazing type  
Note:  
Parameters examined in base cases  Parameters examined in base and modified cases  
6.3.5.1 FACADE AND WINDOW ORIENTATION 
Even though it is difficult to quantify the effect of individual parameters in the houses, it is notable 
that one of the most important parameters that influence the performance of the selected case 
study buildings produced in the early stages of Abuja’s development is orientation. The results shown 
in tables 6.13 and 6.14 suggest that rooms which have a main facade and window area orientated 
north have slightly fewer hours of thermal discomfort than the rooms orientated south. Despite the 
fact that both the living room in RB1 and RB2 are similar in terms of their floor area (21m² and 21.4m2 
respectively), internal volume (56.7m3 and 54.5m3 respectively) and total window area (3.6m² and 
3.8m2 respectively), it is predicted that on average there will be two more hours of thermal 
discomfort in the living room of RB2 over the days assessed. The higher frequency of thermal 
discomfort is mainly due to the level of solar radiation entering the room through the large south 
facing window area, particularly around midday during the dry season. Furthermore, the average 
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area under the curve (AUC) for the living room in RB2, is about 10°C·h/day greater than that of the 
living room in RB1 over the days assessed. The AUC for the rooms orientated north is about 
13°C·h/day to 20°C·h/day, while that of the rooms orientated south is about 17°C·h/day to 
23°C·h/day. 
The AUC in the living room and the bedroom in RB4, which have a main facade and window area 
orientated south-east, are 21°C·h/day and 24°C·h/day respectively. Likewise, the AUC value for the 
living room and bedroom in RB8, which also have windows on the south-east facade, is about 
24°C·h/day and 26°C·h/day respectively. These values are greater than the values predicted in the 
rooms in RB1, RB2 and RB3. As shown in figure 6.79, more sunlight typically reaches the east and 
west facades of buildings in sub-tropical regions, like in the case of Abuja, as compared to high 
latitude regions. The high solar gain received in the morning by rooms with significant wall and/or 
window areas orientated east seems to have an effect on how quickly the operative temperatures 
in the rooms rise above the upper limits of acceptability. Consequently, the high operative 
temperatures in the morning, combined with the high operative temperatures around midday (when 
the outdoor temperatures are typically around their maximum levels), can contribute to a higher 
frequency of thermal discomfort in the room.  
 
 
 
 
 
 
The results suggest that main facade areas with eastern orientations are likely to lead to more 
frequent thermal discomfort, as compared to facade areas with western orientations. The living 
Figure 6.79 Sun path graph for Abuja and London showing the position of the sun at sunset and sunrise on the winter 
and summer solstice as well as equinox 
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room of RB6 and the bedroom of RB7, which have a main window wall area orientated north-west, 
have relatively lower AUC values (16.2 and 18.3°C·h/day respectively) in comparison to the rooms in 
RB8.  
In addition to influencing the levels of solar radiation reaching the selected rooms, as expected, the 
orientation of the windows also influences the predicted illuminance levels in the rooms. Based on 
the days assessed, it is predicted that on average there are around six to ten hours of visual 
discomfort in the rooms that have a main window area orientated south, while there are two to six 
hours of visual discomfort in the rooms that have a main window area orientated north. However, it 
is worth noting that the average hours of visual discomfort in the rooms orientated north increase 
by one to two hours during the rainy season, because the sun is at a zenith angle in the north for 
most of the dry season. The AUC in the north facing rooms (RB1-LR, RB1-BR, RB2-BR, RB3-LR, RB6-
BR) are significantly lower (73-1237Lux·h/day) than those in the south facing rooms (RB2-LR, RB3-
BR) (13,123-14,488Lux·h/day). The higher intensity and frequency of visual discomfort in the rooms 
with large south facing windows occur, because of the typically clear sky conditions during the dry 
season, when the sun is at an angle in the south. Thus, south facades are exposed to more sunlight 
for a longer period of time.  
By contrast, the AUC of the rooms with east facing windows (RB4-LR, RB4-BR, RB5-LR, RB5-BR, RB8-
BR) range between 3,0743Lux·h/day and 8,940Lux·h/day. The results of the simulations show that 
the levels of illuminance in these east orientated rooms rise above 2,000lux in the morning on the 
days during the first three months of the dry season. However, the extremely high levels of 
illuminance only occur for two to four hours and reduce to below 500lux as the sun moves west 
during the day. Furthermore, the AUC values for the living room and the bedroom in RB5 are 
7,140lux·h/day and 6,124lux·h/day respectively, which are over five times greater than the AUC for 
visual discomfort in the bedroom of RB6 (which is orientated north-west) over the days examined.  
While the living rooms in RB6 has a secondary window area facing south-east and the living room in 
RB7 has a main window area orientated north-east, the windows in both rooms are partially shaded 
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by vertical and horizontal wall projections that limit the sunlight reaching the rooms. As a result, the 
AUC values for the living room in RB6 and RB7 are about 3,095lux·h/day and 151lux·h/day.  
6.3.5.2 EXTERNAL WALL AND WINDOW AREA 
Another key parameter that influences the level of discomfort in the rooms, is the size of the external 
wall and window area. Figure 6.80 illustrates the correlational relationship between the size of the 
external wall area of the 16 selected rooms and the corresponding area under the curve. There is a 
significant (p = 0.05) positive correlation between the external wall area and the area under the curve 
(R = 0.76, p = 0.0007).  
 
 
 
 
 
 
The result indicates that buildings with larger surface areas are likely to experience more frequent 
thermal discomfort, as in the RB2-LR, RB8-LR and RB8-BR. However, other variables, such as the 
orientation, window area and presence of shading elements will determine how much of an effect 
the size of an external wall area will have on the thermal conditions. For instance, in RB3, both rooms 
have the same external wall area, yet, the living room’s window wall area is orientated north and 
shaded by a 1.5m deep roof overhang. In contrast, the bedroom has a window wall orientated south 
and another orientated west, with no shading elements on either facade. These differences result in 
the average AUC for the bedroom being 3.4°C·h/day greater than that of the living room. Moreover, 
orientation of the bedroom in RB7 has more of an impact on the frequency and intensity of thermal 
discomfort than the size of the external wall area. Thus, even though the external wall area of the 
Figure 6.80 Correlational scatter plot of AUC for thermal discomfort and external wall area in RB1-8 
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bedroom in RB7 (32.5m2) is similar to that of the living room in RB8 (32.7m2), the AUC value of the 
bedroom in RB7 (18°C·h/day) is lower than that of the living room in RB8 (24°C·h/day). The disparity 
in the AUC of the rooms is mainly a function of the difference in the orientation of their main window 
area. While the main window of the bedroom in RB7 is orientated north-west, the one of the 
bedroom in RB8 is orientated north-east.  
 
 
 
 
 
 
While the size of the total window area in the rooms does not correlate with the AUC for thermal 
discomfort (R = 0.32, p = 0.2528), there is a significant positive correlation between the total window 
area and the average hourly solar gain in the rooms (R = 0.65, p = 0.0062). The impact of the size of 
the total window is dependent on the variation in the size of the rooms, orientation, and the type of 
shading elements around the openings. These factors impact the level of solar radiation reaching the 
rooms. Although the living room in RB4 has a total window area of 5.8m2, the average hourly levels 
of solar gain in the bedroom in RB8 (which has a total window area of 3.6m2) is higher 0.07kW higher 
(Table 6.13 and 6.14). The difference in the level of solar gain in these rooms is a result of the 
variation in the size of the rooms and the type of shading elements around the openings in either 
room. While the total window area of the living room in RB4 is 37% larger than that of the bedroom 
in RB8, 65.5% of its window area is shade by balconies that are 1.4m and 2m deep. The balconies 
around the windows in the living rooms of RB3, RB5, RB6 and RB7, which all have different 
Figure 6.81 Correlational scatter plot of AUC for thermal discomfort and total window area in RB1-8 
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proportions, also limit the amount of solar radiation that is transmitted through the shaded windows, 
regardless of their size and orientation.  
Based on the size of the total window area of the sixteen selected rooms, there is no correlation 
between the size of the window area and the AUC for visual discomfort (R =0.33, p =0.2093). The 
scatter plot in figure 6.82 shows that there are significant outlying values. For instance, although the 
total window area of the living room in RB1 (3.6m2) is similar to that of the living room in RB2 (3.8m2), 
the calculated AUC for visual discomfort of the room in RB1 is about 95% lower, because of its 
northern orientation. Similarly, the southern and western orientation of the bedroom windows in 
RB3 influences the predicted levels of illuminance in the room. The orientation of the windows in 
these three rooms seems to have a more significant impact on the frequency and intensity of visual 
discomfort than the size of the total window area.    
 
 
 
 
 
On the other hand, the total window area of the living rooms in RB6 and RB7 are around 4m2, yet it 
is predicted that there will be several hours of insufficient illuminance levels in both rooms on the 
days assessed, because of the size and depths of the rooms. Despite the fact that the total window 
area of the bedroom in RB6 (2.4m2) is almost the same as in both rooms in RB5 (2.5m2), the AUC 
values for the bedroom in RB6 (1,237lux·h/day) is significantly lower than that of the living room and 
the bedroom in RB5 (7,140lux·h/day and 6,124lux·h/day respectively).  
Figure 6.82 Correlational scatter plot of AUC for visual discomfort and total window area in RB1-8 
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In general, the results indicate that orientation, facade shading elements, room depth and 
fenestration factor have greater influence on the frequency and intensity of visual discomfort in the 
rooms than the size of the windows. While limiting the expanse of the external surface area can be 
an approach for reducing the level of heat gain in the rooms, the expanse of the external surface 
area is primarily dependent on the compactness of the building’s form and  location of a room in the 
building (Granadeiro et al., 2013). Thus, this is ought to be considered at an early stage of the 
building’s design. Moreover, there are other parameters, such as horizontal surface area (roof), 
orientation, room layout and fenestration factor, which have a significant impact on the levels of 
daylight illuminance in the rooms.  
6.3.5.3 FENESTRATION FACTOR 
The fenestration factor, which is a ratio of the size of the window area in relation to the floor area of 
a room (Catalina & Iordache, 2012), is one of the few parameters mentioned in the Nigerian National 
Building Code (FRN, 2006). The specifications for fenestration factor as it relates to the thermal and 
visual environment in a room are detailed in the building code (as discussed in section 2.6). Yet, 
figure 6.83 that there is no significant statistical relationship between the fenestration factor and the 
AUC for thermal discomfort (R = 0.18, p = 0.5022) in the cases. 
 
 
 
 
 
It is worth noting that the living room in RB3 has the smallest fenestration factor (11%) and an 
openable window area that is around the minimum specified by the Nigerian Building Code (5%), 
Figure 6.83 Correlational sca ter plot of AUC for thermal discomfort and f nestration f ct r in RB1-8 
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while the bedroom in RB3 has a fenestration factor of about 29%. However, there is only 3.5% 
difference in the frequency of thermal discomfort between the two rooms (Table 6.13). The 
fenestration factor for the bedroom in RB6 and the living room in RB8 are similar (16.3% and 16.6% 
respectively), yet, their respective AUC values are 19.1 and 23.7°C·h/day. Although both rooms have 
windows orientated north-west, the frequency and intensity of thermal discomfort in the bedroom 
in RB6 are significantly lower, because the unshaded window (1.2m2) in the room is orientated south-
west and the second window (1.2m2) on the north-west facade is shaded by 0.6m vertical wall 
projections on either side. In contrast, the larger window (2.4m2) in the living room in RB8 faces 
north-east, the second window (1.2m2) faces north-west and both windows do not have any shading 
elements that can limit the amount of solar radiation reaching the room.   
By contrast, despite a few outlying values, as presented in figure 6.84, there seems to be a significant 
correlation between the fenestration factors of the sixteen rooms and the AUC for visual discomfort 
(R = 0.69, p = 0.0032). However, it is clear that the AUC for visual discomfort in the living room in RB2 
and the bedroom in RB3 are significantly higher than those of the other rooms examined due to the 
orientation of their windows. In addition to their similar window sizes (2.5m2 and 2.4m2 respectively), 
the living room in RB5 and the bedroom in RB6 have similar fenestration factors (16.7% and 16.3%).  
 
 
 
 
 
 Figure 6.84 Correlational scatter plot of AUC for visual discomfort and fenestration factor in RB1-8 
Chapter six 
Page 285 of 431 
 
Yet, the AUC values for the bedroom in RB6 (1,237lux·h/day) is significantly lower than that of the 
living room in RB5 (7,140lux·h/day). This is likely to be due to the fact that the window walls of the 
bedroom in RB6 are orientated south-west and north-west, while those in the living room in RB5 are 
orientated east and south. Furthermore, the depths of the rooms also determine the effectiveness 
of daylighting, as a source of adequate internal illumination. Although the fenestration factor of the 
living room in RB7 does comply with the building regulations (10.1%), the predicted levels of 
illuminance across the working plane, are insufficient for three to four hours on the days assessed, 
particularly during the dry season. Thus, the AUC values for visual discomfort in the room 
(151lux·h/day) are low, but the frequency of visual discomfort is around 30% (Table 6.14).  
The impact of the fenestration factor on comfort in buildings is difficult to isolate and assess in the 
selected cases, due to the variations in the design characteristics of the rooms. Thus, further analysis 
on the extent of the impact of this design parameter is carried out in the following chapter, in order 
to determine with more certainty how the parameter influences thermal and visual conditions. 
However, the results suggest that more detailed recommendations have to be given to designers 
regarding the fenestration factor, as it relates to other parameters, including the layout and facade 
configuration of a room. 
6.3.5.4 THERMAL TRANSMITTANCE 
As part of the accelerated phase of residential building development in the early 1980s, the walls of 
the first two case study buildings (RB1 and RB2) were constructed with precast concrete panels. On 
the other hand, the walls of other case study buildings were constructed using hollow sandcrete 
blocks, which are more commonly used in contemporary building construction in Abuja. The walls 
constructed with hollow sandcrete blocks have a better u-value (2.14W/m2k) than those constructed 
with precast concrete panels (3.03W/m2k). Yet, the analysis of the results seems to suggest that 
there is no definitive indication of how this factor influences thermal discomfort in the selected 
rooms.  
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Some technological advancements have been made in the design and detailing of walls, windows 
and roofs for energy savings in buildings in Nigeria over the last few decades. However, apart from 
the switch from using prefabricated concrete panels for rapid development to using hollow 
sandcrete blocks for the construction of walls, not much has changed in the materials and methods 
used to construct public residential buildings for low income groups in Abuja. While more roofing 
and glazing materials are increasingly being used in the construction of residential buildings in Abuja, 
corrugated metal roofing on steel or timber trusses remain the most common roofing type in Abuja. 
It is probably the most challenging area for architects to find ways and means to improve the 
architecture of low income housing without making it more expensive (Prucnal-Ogunsote, 2001). 
Thus, the impact of using different inexpensive materials that are available in Nigeria to reduce the 
heat transmitted into the rooms is examined further in the next chapter.  
6.3.5.5 WALL AND WINDOW SHADING 
As discussed in Chapters three and four, shading elements offer an effective way for blocking the 
unwanted solar radiation reaching a room. Figures 6.83 and 6.84 show the relationship between the 
average hourly solar gain and the levels of thermal and visual discomfort in the selected rooms (R 
=0.65, p =0.0062). However, the results illustrated in the two graphs seem to suggest that the 
effectiveness of shading elements is a function of their design in relation to the design of the rooms.  
 
 
 
 
 
 
Figure 6.85 Correlational scatter plot of AUC for thermal discomfort and average hourly solar gain in RB1-8 
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The veranda around the window wall of the living room in RB3 clearly reduces the levels of solar 
radiation entering the room. The average hourly solar gain in the room is (0.05kW) five times lower 
than that of the living room in RB1, and nine times lower than the amount received by the living 
room in RB2. Furthermore, the combination of the relatively small external wall area of the living 
room in RB1 (13.2m2) and the northern orientation of the main window wall of the room, also seem 
to have a positive impact on the intensity of thermal discomfort in the room. As a result, the 
contribution of solar gain to the frequency and intensity of thermal discomfort in these two rooms 
(RB1 LR and RB3 LR) is minimal as compared to the other examined rooms. The shading around the 
window walls in the living rooms in RB6 and RB7 in particular, limits the contribution of solar gain to 
the high temperatures and frequency of thermal discomfort, particularly during the first three 
months of the dry season. However, lower levels of solar gain may not necessarily lead to lower 
frequency and/or intensity of thermal discomfort. While the average hourly level of solar gain in the 
living room in RB7 is low (0.12kW), the AUC value for thermal discomfort is 21°C·h/day. In contrast, 
the average hourly level of solar gain in the living room in RB6 (0.23kW) is almost twice as high as 
that of the living room in RB7, but the AUC value (16.2°C·h/day). As stated before, the 10.1% 
fenestration factor and 4.5% openable window area in the living room in RB7 negate cooling by cross-
ventilation and cause more frequent thermal discomfort (59%).  
There is a notable rent relationship between the level of solar gain in the rooms and the AUC visual 
discomfort (R =0.57, p =0.0212). However, the usefulness of the shading elements for limiting the 
negative impact of solar radiation can be outweighed by the effects of other variables, such as 
orientation, the size of the room and fenestration factor. The southerly orientation of the main 
window in the living in RB2 as well as the southerly and westerly orientation of the windows in the 
bedroom in RB3, lead to high levels of illuminance for long periods during the days examined. For 
the living room in RB5 and the bedroom in RB5 and RB8, the high hourly levels of solar gain only 
occur for short amount of time in the morning (as discussed before). Thus, the high average hourly 
levels of solar gain do not result in high AUC values in these rooms because the frequency of visual 
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discomfort in these rooms are lower than those in the living room in RB2 and the the bedroom in 
RB3 (Table 6.13 and 6.14). 
 
 
 
 
 
 
 
 
 
While the living room in RB3 and RB7 have lower AUC visual discomfort than the other rooms 
(72lux·h/day and 151lux·h/day respectively), the frequency of visual discomfort in these rooms, due 
to insufficient daylighting, are high. Due to the variations in facade configuration and characteristics 
of the shading elements around the rooms with shading, it is difficult to determine the impact of 
shading on the selected buildings in their existing state. As a result, the impact of using a range of 
shading devices on the thermal comfort and day-lighting in selected rooms will be examined in 
Chapter seven. 
6.4 CONCLUSION 
Providing quality homes for low income groups is one of the key challenges facing Abuja today. Given 
the challenges of poor grid based energy supply and the high cost of private power generation in the 
city in order to meet occupants’ needs for energy to maintain comfort in houses in the city may 
become even more difficult in the future. Housing has been among the top priorities of the 
government’s agenda, but the focus has been on mass production of houses, as discussed in Chapter 
two. The results of the analysis of the eight case study buildings reveal that far less attention has 
been paid to the quality of the dwellings in the city over the last three decades. The fact that many 
Figure 6.86 Correlational scatter plot of AUC for visual discomfort and average hourly solar gain in RB1-4 
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residents living in the buildings constructed in the first phase of the city’s development have 
retrofitted their homes with shading devices and air-conditioning units, suggests that there is a need 
to improve the design of such buildings to provide better thermal and visual conditions indoors. Yet, 
overall, the results of the analysis provide no apparent indications that the more contemporary 
buildings perform better than those designed in the earlier phase of the city's development.  
The findings of the comparative analysis of the 16 rooms in the case study residential buildings reveal 
that one of the most important parameter influencing the thermal conditions indoors is the 
orientation of the room’s facade and window areas. Besides the orientation, there are a number of 
parameters relating to the proportions of rooms and facade design that have an impact on the 
thermal and visual performance of the rooms. As shown in table 6.16, the size of the external surface 
area has the most notable impact on the AUC for thermal discomfort in the rooms, whereas the 
fenestration factor has the least significant impact on the AUC values. Contrarily, the fenestration 
factor has a greater impact on the AUC for visual discomfort. The variations in the design characteristics 
of the rooms make it difficult to isolate any individual parameter, despite the fact that a number of these 
characteristics, including the orientation, fenestration factor and shading proportions, have been 
identified as key parameters influencing the thermal and visual performance of the buildings, and thus, 
occupants’ comfort. In addition, there is also very little known about the impact of reducing thermal 
transmittance of the buildings’ envelope on thermal performance in Abuja’s housing. Therefore, there is 
a need to further examine how these parameters can be optimised to provide appropriate balance 
between the designing for thermal comfort and adequate daylighting. 
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Table 6.16 Summary of correlational relationship between building design parameters and thermal and visual 
performance 
Thermal performance  Rank Visual performance Rank 
 R   R  
External wall area/AUC 0.7575  
1 
Fenestration factor/AUC 0.6886  
1 p=0.1 0.0007 p=0.1 0.0063 
p=0.05 0.0007 p=0.05 0.0063 
Window area/average hourly solar gain 0.6519  
2 
Window area/average hourly solar gain 0.6519  
2 p=0.1 0.0062 p=0.1 0.0062 
p=0.05 0.0062 p=0.05 0.0062 
Average hourly solar gain/AUC 0.6516  
3 
Average hourly solar gain/AUC 0.5698  
3 p=0.1 0.0085 p=0.1 0.0368 
p=0.05 0.0085 p=0.05 0.0368 
Total window area/AUC 0.3211  
4 
Total window area/AUC 0.3318  
4 p=0.1 0.2253 p=0.1 0.2093 
p=0.05 0.2253 p=0.05 0.2093 
Fenestration factor/AUC 0.1811  
5 
External wall area/AUC 0.2345  
5 p=0.1 0.5022 p=0.1 0.3820 
p=0.05 0.5022 p=0.05 0.3820 
Note: “R” denotes Pearson’s correlation value, “p” denotes p-value, values shown I red are not significant 
Based on the analysis in this chapter, the living room in RB7 and the bedroom in RB8 (the rooms with the 
highest frequency of thermal discomfort), as well as the living room in RB2 and the bedroom in RB3 (the 
rooms with the highest frequency of visual discomfort) will be investigated further in Chapter seven, in 
order to determine how their designs can be improved by making changes to the following parameters: 
• Orientation, 
• Fenestration factor,  
• Wall shading proportions, 
• Window shading proportions, 
• Thermal transmittance of the walls and roof. 
The zone classification of the rooms, according to the frequency and intensity of discomfort, as 
illustrated in figure 6.78, shows that significantly higher thermal and visual discomfort are predicted in 
the buildings during the dry season, as compared to the rainy season. Thus, the analysis in the next 
chapter will focus primarily on the impact the parametric changes have on the conditions in the rooms 
during the dry season.  
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CHAPTER 7 - ANALYSIS OF THE IMPACT OF DESIGN PARAMETERS AND 
VARIABLES ON THERMAL AND VISUAL PERFORMANCE OF RESIDENTIAL 
BUILDINGS IN ABUJA 
7.1 INTRODUCTION 
A set of design parameters that has a significant impact on occupants’ comfort in houses in Abuja was 
identified through the analysis of the performance in the case studies in Chapter six. This chapter re-
evaluates the impact of the design variables in four parametric groups at the room level, including 
‘Orientation’, ‘Fenestration factor’, ‘Shading’ and the ‘Thermal Properties of the Building Fabric’. A set of 
variables from these four parametric groups is used to examine whether the internal conditions of four 
selected rooms can be improved by adjusting their design variables and physical properties. The selected 
rooms include the two cases that had the highest frequency and intensity of thermal discomfort (RB7 LR, 
RB8 BR) and the two that had the highest frequency and intensity of visual discomfort (RB2 LR, RB3 BR). 
The investigation of the performance of the adjusted cases stated above is segmented, based on the four 
parametric groups. Firstly, the impact of various facade orientations on the thermal and visual conditions 
in the living room in RB7 and the bedroom in RB8 is examined in section 7.2. Secondly, the impact the 
fenestration factor of these two rooms has on the conditions indoors is examined in section 7.3. Thirdly, 
the influence that the thermal properties of the roof and walls has on the frequency and intensity of 
thermal discomfort in these rooms is analysed in section 7.4. Finally, sections 7.5 and 7.6 investigate the 
impact of using façade shading and window shading elements on the thermal and visual conditions in the 
bedroom in RB8, the living room in RB2 and the bedroom in RB3.  
Table 7.1 Design parameters examined in each room 
 Case study  
building 7  
living room 
(RB7 LR) 
Case study  
building 8  
bedroom 
(RB8 BR) 
Case study  
building 2 
living room 
(RB2 LR) 
Case study  
building 3  
bedroom 
(RB3 BR) 
Orientation X X   
Fenestration factor X X   
Roof thermal transmittance X X   
Wall thermal transmittance X X   
Façade shading  X X X 
Window shading  X X X 
Note: ‘X’ denotes the parameters examined 
Chapter seven 
Page 292 of 431 
 
7.2 FAÇADE ORIENTATION VARIABLES 
In the simulation tests for orientation carried out in this section, the main window walls in the living room 
in RB7 and the bedroom in RB8 were orientated north. The angles of rotation for the buildings were 
subsequently re-calibrated at 45˚ increments clockwise until a full circle was completed. Hence, 0˚, 90˚, 
180˚ and 270˚ represent north, east, south and west respectively (Figures 7.1 and 7.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.2.1 THERMAL PERFORMANCE ANALYSIS 
Tables 7.2 to 7.5 show the Frequency of Thermal Discomfort (FTD) and the Area Under the Curve (AUC) 
for thermal discomfort for each month during the dry season, as well as in July and August during the 
rainy season; in the rooms with eight different orientations and in their existing state (BS). The highest 
Figure 7.2 Alternative orientations simulated for the bedroom room in RB8 
Figure 7.1 Alternative orientations simulated for the living room in RB7  
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values for each month shown in these tables are highlighted in red, while the corresponding lowest values 
are highlight blue.  In addition, figures 7.3 to 7.6 illustrate the impact of the variations in the orientation 
of both rooms on the frequency and intensity of thermal discomfort.  
Table 7.2 Impact of varying orientation on the FTD in the living room in RB7 during the dry season as well as in July and 
August (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E 
(90°) 
SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 68.47 65.69 61.53 60.69 59.44 52.50 57.22 57.92 50.42 68.47 50.42 18.06 
DEC 77.92 71.11 67.64 70.97 70.69 60.42 59.58 65.28 55.56 77.92 55.56 22.36 
JAN 86.42 81.45 77.69 85.48 83.33 80.24 83.06 84.01 71.37 86.42 71.37 15.05 
FEB 97.47 98.07 97.47 98.81 97.77 95.24 97.62 97.92 96.28 98.81 95.24 3.57 
MAR 98.52 97.85 97.98 98.39 97.72 97.98 98.52 98.79 96.37 98.79 96.37 2.42 
APR 70.42 71.25 69.31 74.17 70.56 70.14 68.89 69.31 64.03 74.17 64.03 10.14 
AVG 83.20 80.90 78.60 81.42 79.92 76.09 77.48 78.87 72.34 83.20 72.34 10.87 
JUL 5.11 7.39 4.30 5.38 4.97 4.17 4.03 5.38 3.36 5.38 3.36 4.03 
AUG 5.65 14.38 5.24 5.38 4.70 7.66 5.78 3.76 1.08 7.66 1.08 13.30 
AVG 5.38 10.89 4.77 5.38 4.84 5.91 4.91 4.57 2.22 5.91 2.22 8.67 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
Table 7.3 Impact of orientation on the AUC (intensity) for thermal discomfort in the living room in RB7 during the dry 
season as well as in July and August (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E (90°) SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 20.29 14.44 16.07 17.33 16.77 14.10 17.14 16.44 13.83 20.29 13.83 6.46 
DEC 25.86 17.53 19.24 23.70 24.43 20.46 21.98 21.48 17.29 25.86 17.29 8.57 
JAN 32.15 25.10 26.52 31.03 29.78 27.88 31.45 30.96 25.41 32.15 25.41 6.74 
FEB 55.85 48.04 52.82 59.28 55.07 49.54 56.74 57.91 52.09 59.28 49.54 9.73 
MAR 63.00 61.72 64.81 71.10 65.85 58.83 66.76 69.12 61.51 71.10 58.83 12.27 
APR 30.35 30.56 31.89 34.40 31.96 28.29 32.99 33.13 28.81 34.40 28.29 6.11 
AVG 37.92 32.90 35.23 39.47 37.31 33.19 37.84 38.17 33.16 39.47 33.16 6.32 
JUL 1.44 1.35 1.36 1.49 1.46 1.38 1.40 0.12 1.23 1.49 0.12 1.37 
AUG 1.28 1.49 1.30 1.33 1.23 1.60 1.40 1.19 1.03 1.60 1.03 0.57 
AVG 1.36 1.42 1.33 1.41 1.34 1.49 1.40 0.66 1.13 1.49 0.66 0.83 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
Figure 7.3 Impact of orientation on the average FTD in the living room in RB7 during the dry season as well as in July 
and August (during the rainy season) 
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Table 7.4 Impact of orientation on the FTD in the bedroom in RB8 during the dry season as well as in July and August 
(during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E 
(90°) 
SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 35.56 38.06 37.78 39.44 40.83 40.97 34.58 30.97 30.83 40.97 30.83 10.14 
DEC 38.06 41.39 40.97 43.61 45.42 44.72 38.47 33.19 32.36 45.42 32.36 13.06 
JAN 51.61 55.91 55.11 56.45 54.84 52.15 46.77 43.55 44.89 56.45 43.55 12.90 
FEB 75.89 75.45 76.34 76.19 77.38 74.40 70.98 70.24 71.73 77.38 70.24 7.14 
MAR 85.48 84.27 85.35 84.41 84.81 85.22 85.75 84.14 85.35 85.75 84.14 1.61 
APR 60.14 59.17 60.69 57.22 54.72 55.28 56.67 56.11 60.00 60.69 54.72 5.97 
AVG 57.79 59.04 59.37 59.55 59.67 58.79 55.54 53.03 54.19 59.67 53.03 6.63 
JUL 7.12 9.81 6.18 5.24 4.17 4.84 4.57 5.24 6.99 7.12 4.17 5.64 
AUG 5.51 14.38 6.85 4.57 1.88 1.61 2.02 2.02 4.57 6.85 1.61 12.77 
AVG 6.32 12.10 6.52 4.91 3.02 3.23 3.29 3.63 5.78 6.52 3.02 9.08 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 Impact of orientation on the average AUC for thermal discomfort in the living room in RB7 during the dry 
season as well as in July and August (during the rainy season) 
Figure 7.5 Impact of orientation on the average FTD in the bedroom in RB8 during the dry season as well as in July and 
August (during the rainy season) 
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Table 7.5 Impact of orientation on the AUC (intensity) for thermal discomfort in the bedroom in RB8 during the dry 
season as well as in July and August (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E 
(90°) 
SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 13.29 16.00 15.46 17.94 16.91 14.98 11.56 9.89 9.87 17.94 9.87 8.07 
DEC 16.29 22.35 20.85 23.96 23.54 21.84 15.18 12.64 11.49 23.96 11.49 12.47 
JAN 24.92 30.78 29.36 33.39 31.52 27.80 21.67 18.83 18.93 33.39 18.83 14.56 
FEB 49.72 53.74 53.56 55.00 55.46 48.69 44.31 41.59 43.52 55.46 41.59 13.87 
MAR 65.05 66.26 66.75 63.17 63.53 57.70 59.18 58.38 62.45 66.75 57.70 9.06 
APR 35.11 34.69 35.98 32.55 30.18 28.92 30.16 30.29 34.34 35.98 28.92 7.06 
AVG 34.07 37.30 36.99 37.67 36.85 33.32 30.34 28.60 30.10 37.67 28.60 9.07 
JUL 1.94 2.09 1.90 1.69 1.47 1.52 1.48 1.56 1.95 1.95 1.47 0.62 
AUG 1.49 2.18 1.66 1.34 1.11 1.08 1.12 1.09 1.34 1.66 1.08 1.10 
AVG 1.72 2.14 1.78 1.51 1.29 1.30 1.30 1.32 1.65 1.78 1.29 0.85 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
RB7 LR 
The results presented in tables 7.2 and 7.3 indicate that orientating the main window wall of the living 
room in RB7 north-west (315°) will produce the lowest average FTD (72.3%) and AUC (33.16°C·h/day) for 
thermal discomfort during the dry season. On the other hand, orientating the room north (0°) and east 
(90°) will lead to the highest average FTD (83.2%) and AUC (39.5°C·h/day) for thermal discomfort during 
this season. If the main window and the secondary window are orientated east and west, the shading 
provided by the balconies around either window area is less effective, thereby leading to more 
overheating due to solar gain in the room in the morning. The average hourly level of solar gain in the 
room is 0.08kW when the room is orientated east (0.24kW), as compare to north (0.16kW). The results 
show that attempting to optimise the orientation of the room can result in a 10.9% reduction in the 
frequency of thermal discomfort during the dry season, which represents approximately 472 fewer hours 
Figure 7.6 Impact of orientation on the average AUC for thermal discomfort in the bedroom in RB8 during the dry 
season as well as in July and August (during the rainy season) 
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of thermal discomfort. Furthermore, the average AUC for thermal discomfort can be reduced by 
6.32°C·h/day.  
The room’s orientation also has a significant impact on the intensity of thermal discomfort during the 
rainy season. Orientating the room north-west can reduce the FTD by 8.7% between July and August, 
representing 129 fewer hours of thermal discomfort during these two months. However, the impact of 
the variation in the orientation of the room on the intensity (AUC) of thermal discomfort during these 
months is very low, as compared to the dry season (Figure 7.4). The lowest AUC for thermal discomfort 
over these two months is 0.66°C·h/day if the room is orientated west, while the highest AUC value is 
1.49°C·h/day if the room is orientated south.  
RB8 BR 
Tables 7.4 and 7.5 and figures 7.5 and 7.6 illustrate the impact of the varying orientations on the 
frequency and intensity of thermal discomfort in the bedroom in RB8. The tables suggest that the 
bedroom in RB8 will have the lowest average FTD (53%) and AUC values (28.6°C·h/day) during the dry 
season if the room’s main window wall area is orientated west (270°). Orientating the room north-west 
does not produce the lowest average FTD and AUC values, as it does for the living room in RB7, because 
in addition to the main window area, the room has a secondary window on the adjacent wall rather than 
the opposite wall. Thus, if the main window area faces north-west, more solar radiation reaches the room 
through the secondary window, which faces north-east. Nevertheless, adjusting the room’s main façade 
to the north-west leads to the second lowest average FTD (54.2%) and AUC (30.1°C·h/day) values in the 
room. By contrast, orientating the room south-east (135°) and east (90°) will lead to the highest average 
FTD (59.7%) and AUC (37.7°C·h/day) for thermal discomfort during this season. The contribution of the 
east orientation to the high frequency of thermal discomfort predicted in this room is similar to the trend 
calculated in the previous room. The results show that adjusting the orientation of the room can result in 
a 6.6% reduction in the frequency of thermal discomfort during the dry season, which represents 
approximately 288 fewer hours of thermal discomfort during the dry season. Furthermore, the average 
AUC for thermal discomfort can be reduced by 9.07°C·h/day.  
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The room’s orientation can also assist in improving the thermal conditions during July and August. 
According to the results, orientating the room south-east can reduce the FTD by 9% between July and 
August, which represents approximately 133 fewer hours of thermal discomfort. However, this 
orientation can dramatically increase the FTD during the dry season, as explained above. The impact of 
the variation in the orientation of the room on the average AUC values is less significant (Figure 7.6). The 
lowest AUC for thermal discomfort over these two months is 1.29°C·h/day if the room is orientated south-
east. The highest AUC value is 2.14°Ch/day in the base case (BS, 30°). The contradictory results from the 
dry season and the months during the rainy season are mainly related to the movement of the sun from 
south to north. However, the frequency and intensity of thermal discomfort are much higher during the 
dry season than they are during the two months during the rainy season. Therefore, orientating the room 
to the west or north-west seems the most appropriate option for reducing the frequency of thermal 
discomfort during the warmer period of the year.    
7.2.2 VISUAL PERFORMANCE ANALYSIS 
Tables 7.6 to 7.9 and figures 7.11 to 7.14 show the impact of the variations in orientation on the 
Frequency of Visual Discomfort (FVD) and the AUC values in the rooms on the days assessed.  
Table 7.6 Impact of orientation on the FVD in the living room in RB7 on the 15th of each month during the dry season 
and July and August 15th (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E 
(90°) 
SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 25.00 33.33 25.00 41.67 41.67 16.67 33.33 25.00 25.00 41.67 16.67 25.00 
DEC 16.67 33.33 25.00 33.33 33.33 16.67 33.33 25.00 25.00 33.33 16.67 16.67 
JAN 25.00 41.67 25.00 33.33 33.33 16.67 41.67 41.67 25.00 41.67 16.67 25.00 
FEB 25.00 25.00 8.33 25.00 25.00 16.67 33.33 41.67 16.67 41.67 8.33 33.33 
MAR 25.00 16.67 8.33 41.67 25.00 16.67 25.00 50.00 25.00 50.00 8.33 41.67 
APR 25.00 16.67 25.00 41.67 16.67 25.00 8.33 41.67 16.67 41.67 8.33 33.33 
AVG 23.61 27.78 19.44 36.11 29.17 18.06 29.17 37.50 22.22 37.50 18.06 19.44 
JUL 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 0.00 
AUG 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 0.00 
AVG 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67 0.00 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
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Table 7.7 Impact of orientation on the AUC (intensity) for visual discomfort in the living room of RB7 on the 15th of 
each month during the dry season and July and August 15th (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E 
(90°) 
SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 77 184 1599 4668 4576 61 4974 4273 1426 4974 61 4913 
DEC 73 514 2186 4583 5292 41 5681 2777 2130 5681 41 5639 
JAN 71 256 1671 3902 5328 46 4775 3641 1363 5328 46 5283 
FEB 80 40 441 5445 3234 53 4163 6020 682 6020 53 5967 
MAR 80 33 643 6694 1970 62 1727 8108 478 8108 62 8046 
APR 52 114 1686 7236 600 69 713 6540 1476 7236 52 7184 
AVG 72 190 1371 5421 3500 55 3672 5227 1259 5421 55 5366 
JUL 37 42 36 36 36 37 36 36 36 42 36 6 
AUG 45 51 45 45 46 45 45 45 45 51 45 6 
AVG 41 47 41 41 41 41 41 41 41 47 41 6 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Impact of orientation on the average FVD in the living room in RB7 over the 15th day of each month during 
the dry season and on July and August 15th (during the rainy season) 
Figure 7.8 Impact of orientation on the average AUC for visual discomfort in the living room in RB7 over the 15th day 
of each month during the dry season and on July and August 15th (during the rainy season)  
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Table 7.8 Impact of orientation on the FVD in the bedroom in RB8 on the 15th of each month during the dry season 
and July and August 15th (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E (90°) SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 33.33 50.00 50.00 83.33 100.00 83.33 50.00 41.67 0.00 100.00 0.00 100.00 
DEC 41.67 58.33 50.00 91.67 100.00 83.33 50.00 41.67 0.00 100.00 0.00 100.00 
JAN 41.67 58.33 41.67 91.67 100.00 91.67 50.00 33.33 0.00 100.00 0.00 100.00 
FEB 41.67 58.33 50.00 75.00 91.67 50.00 50.00 41.67 16.67 91.67 16.67 75.00 
MAR 41.67 50.00 50.00 58.33 91.67 50.00 50.00 41.67 50.00 91.67 41.67 50.00 
APR 58.33 50.00 50.00 58.33 66.67 75.00 50.00 50.00 83.33 83.33 50.00 33.33 
AVG 43.06 54.17 48.61 76.39 91.67 72.22 50.00 41.67 25.00 91.67 25.00 66.67 
JUL 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 0.00 
AUG 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 0.00 
AVG 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 0.00 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.9 Impact of orientation on the AUC (intensity) for visual discomfort in the bedroom in RB8 on the 15th of each 
month during the dry season and July and August 15th (during the rainy season) 
 
N (0°) BS 
(30°) 
NE 
(45°) 
E 
(90°) 
SE 
(135°) 
S 
(180°) 
SW 
(225°) 
W 
(270°) 
NW 
(315°) 
MAX MIN DIF 
NOV 9180 14635 13806 12329 30287 12606 16793 11253 2 30287 2 30285 
DEC 9559 17043 17284 19005 36132 18053 18286 10388 2 36132 2 36130 
JAN 10522 16272 17364 14454 32417 14639 14722 10065 2 32417 2 32415 
FEB 12921 13274 13566 14076 24704 11117 12729 11178 520 24704 520 24185 
MAR 13889 11800 12808 14292 16828 15702 8385 12565 4421 16828 4421 12407 
APR 15554 11656 10252 14980 7888 13124 9333 16080 11004 16080 7888 8191 
AVG 11938 14113 14180 14856 24710 14207 13375 11921 2658 24710 2658 22051 
JUL 3960 3957 3922 3957 3949 3949 3944 3958 3948 3960 3922 38 
AUG 4068 4104 4061 4063 4074 4076 4072 4061 4069 4104 4061 43 
AVG 4014 4031 3992 4010 4011 4013 4008 4010 4008 4031 3992 39 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
Figure 7.9 Impact of orientation on the average FVD in the bedroom in RB8 over the 15th day of each month during 
the dry season and on July and August 15th (during the rainy season) 
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RB7 LR 
Tables 7.6 and 7.7 indicate that during the dry season, the living room in RB7 will have the lowest FVD 
(18.1%) and lowest AUC value (55lux·h/day) if the room faces south. Orientating the room south leads to 
a 9.7% (approximately 1 hour) reduction in the frequency of visual discomfort and 135lux·h/day reduction 
in the AUC value on the days assessed during the dry season.  The highest average FVD predicted (37.5%, 
approximately 5 hours) occurs if the room is facing west, but the highest average AUC value 
(5,421lux·h/day) occurs when the room is facing east. Despite the depth of the room (9.5m) and the 
balconies around its window walls, if the room is adjusted to face east or west, the frequency of visual 
discomfort due to high levels of illuminance is greater; because more sunlight can enter the room at lower 
and the shading components are less effective at blocking the light. 
Overall the simulation results suggest that the visual, as well as the thermal conditions in the room during 
the dry season might be better if it was facing north-west. Even though orientating the room north-west 
might lead to a 1,069lux·h/day increase in the AUC values compared to the base case, it can reduce the 
frequency of visual discomfort by 5.6%. Moreover, it can reduce the frequency of thermal discomfort by 
8.6% as compared to the base case.   
On the other hand, changing the orientation of the room does not seem to lead to significant changes in 
the frequency and intensity of visual discomfort during the two days assessed during the rainy season. 
The average FVD and AUC value calculated in the room on July and August 15th remains around 16.7% 
Figure 7.10 Impact of orientation on the average AUC for visual discomfort in the bedroom in RB8 over the 15th day of 
each month during the dry season and on July and August 15th (during the rainy season) 
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and 41lux·h/day respectively for the eight orientations examined. However, these values represent a 
relatively low intensity of visual discomfort.  
RB8 BR 
Tables 7.8 and 7.9 show that over the days assessed during the dry season, the bedroom in RB8 will have 
the lowest average FVD (25%) and AUC values (2658lux·h/day) when the room is orientated north-west. 
Unlike the living room in RB7, which has windows on opposite walls, the bedroom in RB8 has windows on 
adjacent walls. Yet, these results are similar to the findings from the analyses of the room in RB7. Thus, 
suggesting that orientating a room’s primary window wall area north-west is likely to improve the 
thermal, as well as the visual performance of the room. Orientating the room south-east increases the 
average FVD to 91.7% and the average AUC value to 24710lux·h/day. This high value of frequency and 
intensity of visual discomfort occurs due to the multilateral fenestration design of the room with the main 
window facing south-east and the window on the adjacent side facing south-west. Thus, a high amount 
of direct sunlight reaches the room in the morning and afternoon on the days assessed during the dry 
season.  
The results show that adjusting the orientation of the room the north-west can lower the frequency of 
visual discomfort by an average of 29% compared to the base case and 66.7% compared to if the room is 
orientated south-east. The latter value represents about eight fewer hours of visual discomfort daily on 
the days during the dry season.  
Nevertheless, adjusting the orientation of the room does not seem to lead to significant changes in the 
frequency or intensity of visual discomfort during the rainy season (Table 7.8) and there is only a 
difference of 39lux·h/day between the highest and lowest AUC values.   
7.3 FENESTRATION FACTOR VARIABLES 
In this section, the relationship between the fenestration factor and the frequency and the intensity of 
thermal as well as visual discomfort is examined further using the living room in RB7 and the bedroom in 
RB8, which have fenestration factors of about 10% and 15% respectively. The comfort conditions in both 
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rooms are examined with various window sizes generating fenestration factors between 10% and 25% at 
5% increments, as shown in figures 7.11 and 7.12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.3.1 THERMAL PERFORMANCE ANALYSIS 
Tables 7.10 to 7.13 and figures 7.13 to 7.16 show the results from the simulation of the thermal conditions 
in the living room in RB7 and the bedroom in RB8 with four different fenestration factors. The tables also 
present the statistical correlation between the fenestration factor and the FTD and AUC values predicted.  
Figure 7.11 Fenestration factor of the living room in RB7 (BS), as well as alternative designs with three different 
fenestration factors 
Figure 7.12 Fenestration factor of the bedroom in RB8 (BS), as well as alternative designs with three different 
fenestration factors 
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Table 7.10 Impact of the fenestration factor on the FTD in the living room in RB7 during the dry season, as well as in 
July and August (during the rainy season) 
Fenestation  
factor (%) 
10 (BS) 15 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 65.69 60.56 59.17 58.61 65.69 58.61 7.08 -0.9048 0.0952 0.0952 
DEC 71.11 63.75 63.06 61.81 71.11 61.81 9.31 -0.8798 0.1202 0.1202 
JAN 81.45 75.81 74.73 74.19 81.45 74.19 7.26 -0.8835 0.1165 0.1165 
FEB 98.07 97.17 97.02 96.58 98.07 96.58 1.49 -0.9544 0.0456 0.0456 
MAR 97.85 97.98 97.58 97.45 97.98 97.45 0.54 -0.8485 0.1515 0.1515 
APR 71.25 68.75 67.64 66.81 71.25 66.81 4.44 -0.9656 0.0344 0.0344 
AVG 80.90 77.34 76.53 75.91 80.90 75.91 5.00 -0.9128 0.0873 0.0873 
JUL 4.44 4.30 4.03 6.32 6.32 4.03 2.28 0.6648 0.3325 0.3325 
AUG 4.57 4.97 5.11 15.05 15.05 4.57 10.48 0.8011 0.1989 0.1989 
AVG 4.50 4.64 4.57 10.69 10.69 4.50 6.18 0.7801 0.2199 0.2199 
Note: values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.11 Impact of the fenestration factor on the AUC (intensity) for thermal discomfort in the living room in RB7 
during the dry season, as well as in July and August (during the rainy season) 
Fenestation  
factor (%) 
10 (BS) 15 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 14.44 16.00 16.00 15.99 16.00 14.44 1.56 0.7711 0.2289 0.2289 
DEC 17.53 18.38 19.07 19.40 19.40 17.53 1.87 0.9835 0.0165 0.0165 
JAN 25.10 25.77 26.05 26.20 26.20 25.10 1.09 0.9478 0.0522 0.0522 
FEB 48.04 50.72 50.54 50.38 50.72 48.04 2.69 0.7003 0.2297 0.2297 
MAR 61.72 61.19 60.52 60.06 61.72 60.06 1.67 -0.9978 0.0022 0.0022 
APR 30.56 30.60 30.29 30.27 30.60 30.27 0.33 -0.8677 0.1323 0.1323 
AVG 32.90 33.78 33.74 33.72 33.78 32.90 0.88 0.7360 0.264 0.264 
JUL 1.35 1.34 1.33 1.59 1.59 1.33 0.26 0.7318 0.2682 0.2682 
AUG 1.49 1.24 1.27 2.13 2.13 1.24 0.89 0.6083 0.3917 0.3917 
AVG 1.42 1.29 1.30 1.86 1.86 1.29 0.57 0.6399 0.3601 0.3601 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
Figure 7.13 Impact of the fenestration factor on the average FTD in the living room in RB7 during the dry season, as 
well as in July and August (during the rainy season) 
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Table 7.12 Impact of the fenestration factor on the FTD in the bedroom in RB8 during the dry season, as well as in July 
and August (during the rainy season) 
Fenestration  
factor (%) 
10  15 (BS) 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 39.58 38.06 38.75 38.89 39.58 38.06 1.53 -0.2863 0.7137 0.7137 
DEC 42.64 41.39 42.92 43.75 43.75 41.39 2.36 0.6417 0.3583 0.3583 
JAN 53.76 55.91 53.90 53.76 55.91 53.76 2.15 -0.2468 0.7532 0.7532 
FEB 71.58 75.45 73.51 71.58 75.45 71.58 3.87 -0.1348 0.8652 0.8652 
MAR 80.24 84.27 82.26 80.65 84.27 80.24 4.03 -0.0568 0.9432 0.9432 
APR 57.22 59.17 57.92 56.94 59.17 56.94 2.22 -0.2714 0.7286 0.7286 
AVG 57.50 59.04 58.21 57.59 59.04 57.50 1.54 -0.1023 0.8977 0.8977 
JUL 13.04 9.81 6.18 6.20 13.04 6.18 6.85 -0.9463 0.0537 0.0537 
AUG 17.88 14.38 5.78 6.00 17.88 5.78 12.10 -0.9378 0.0622 0.0622 
AVG 15.46 12.10 5.98 6.12 15.46 5.98 9.48 -0.9441 0.0559 0.0559 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.14 Impact of the fenestration factor on the average AUC for thermal discomfort in the living room in RB7 during 
the dry season, as well as in July and August (during the rainy season) 
Figure 7.15 Impact of the fenestration factor on the average FTD in the bedroom in RB8 during the dry season, as well 
as in July and August (during the rainy season) 
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Table 7.13 Impact of the fenestration factor on the AUC (intensity) for thermal discomfort in the bedroom of RB8 during 
the dry season, as well as in July and August (during the rainy season) 
Fenestration  
factor (%) 
10 15 (BS) 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 21.95 16.00 17.30 18.37 21.95 16.00 5.95 -0.4771 0.5229 0.5229 
DEC 30.23 22.35 24.09 26.90 30.23 22.35 7.88 -0.3094 0.6906 0.6906 
JAN 36.94 30.78 31.79 32.89 36.94 30.78 6.16 -0.5316 0.4684 0.4684 
FEB 58.83 53.74 53.96 54.46 58.83 53.74 5.10 -0.6910 0.309 0.309 
MAR 69.52 66.26 65.48 65.33 69.52 65.33 4.19 -0.8806 0.1194 0.1194 
APR 38.47 34.69 34.60 34.71 38.47 34.60 3.87 -0.7714 0.2286 0.2286 
AVG 42.66 37.30 37.87 38.78 42.66 37.30 5.35 -0.5921 0.4079 0.4079 
JUL 3.09 2.09 1.81 1.84 3.09 1.81 1.28 -0.8668 0.1332 0.1332 
AUG 4.01 2.18 1.51 1.53 4.01 1.51 2.50 -0.8899 0.1101 0.1101 
AVG 3.55 2.14 1.66 1.68 3.55 1.66 1.89 -0.8825 0.1175 0.1175 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
RB7 LR 
During the dry season, the FTD in the living room in RB7 is 3.6% lower when the fenestration factor of the 
room is increased from 10% to 15%. Increasing the fenestration factor from 15% to 25% seems to have a 
smaller impact on the thermal environment of the room, reducing the FTD by only 1.4%. However, as 
compared with the base case, increasing the fenestration factor from 10% to 25% could lead to an overall 
reduction in the frequency of thermal discomfort by 217 hours. Thus, a significant correlation is identified 
between the fenestration factor and the FTD (R = -0.9128, p = 0.0873). By contrast, no significant 
correlation is found between the fenestration factor and the AUC for thermal discomfort during this 
season. Although table 7.11 shows an increase in the average AUC value in response to the incremental 
increase in the fenestration factor, the value of increase is minor as compared with the base case (about 
Figure 7.16 Impact of the fenestration factor on the average AUC for thermal discomfort in the bedroom in RB8 during 
the dry season, as well as in July and August (during the rainy season)  
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0.88°Ch/day). Furthermore, the analysis of the results suggests that the impact of the fenestration factor 
on the AUC for thermal discomfort is dependent on the month in question. In December, there is a 
significant positive correlation between the fenestration factor and the AUC value predicted. This trend 
suggests that increasing the fenestration factor will lead to more frequent and intense thermal discomfort 
during this month. A similar trend is also obtained for the middle of January. By contrast, in March, there 
is a significant negative correlation between the fenestration factor and the AUC value, indicating that 
increasing the fenestration factor will likely lead to less frequent and intense thermal discomfort during 
this month.  
On the 15th day of each month during the dry season, the operative temperatures in the early morning 
and at night are 0.5°C to 1°C lower during corresponding hours when the room has a 25% fenestration 
factor as compared to 10%. However, despite both the north-east and south-west window in the room 
being shaded by balconies, it is predicted that increasing the fenestration factor from 10% to 25% will 
increase the average hourly solar gain from 0.17kW to 0.28kW. Thus, the operative temperatures in the 
afternoon are higher in the room with the 25% fenestration factor on these days. In contrast, on March 
15th, the operative temperatures are lower in the room with the 25% fenestration throughout the day. 
These results suggest that the benefits of having a larger total window area for cross ventilation in the 
room can be an effective means of cooling during the hottest period of the year, particularly when the 
windows are shaded. 
On July and August 15th, the operative temperatures in the room with either a 10% or 25% fenestration 
factor are similar. Over these two months, increasing the fenestration factor from 10% to 25% increases 
the FTD by 6.18% (about 92 hours), because more direct solar radiation reaches the main window area in 
the north-easterly façade during this time of year. As a result, it is expected that increasing the 
fenestration factor from 10% to 25% will increase the average hourly solar gain during the rainy season 
from 0.13kW to 0.30kW. Notwithstanding, the difference between the AUC value in the room with the 
10% and 25% fenestration factor is 0.57°C·h/day. The limited impact of the fenestration factor on the 
intensity of thermal discomfort during these two months is reflected in the lack of a correlation between 
the fenestration factor and the AUC values (Table 7.11). 
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RB8 BR 
According to table 7.12, increasing the fenestration factor from 15% to 25% will lead to a 1.45% reduction 
in the FTD; also, reducing it to 10% will result in a 1.54% reduction in the FTD (about 67 fewer hours) 
during the dry season. Table 7.13, on the other hand, shows that reducing the fenestration factor from 
15% to 10% or increasing it to 25%, will slightly increase the AUC by 5.36°C·h/day or 1.48°C·h/day 
respectively. The AUC values are consistently higher in the room with the 10% fenestration factor. 
However, increasing the fenestration factor from 15% to 25% will increase the average hourly solar gain 
from 0.55kW to 0.73kW during this season.  
Although cooler temperatures are predicted in the room with the 10% or 15% fenestration factor on July 
and August 15th, the way that the temperatures rises in both scenarios are similar to the patterns during 
the dry season. Even though adjusting the fenestration factor from 15% to 10% reduces the average 
hourly solar gain over these two months by 11kW, it increases the FTD by 6.85% (about 102 hours). On 
the other hand, adjusting the fenestration factor to 20% and 25% lowers the FTD by 6.12% (91 hours) and 
5.98% (89 hours) respectively over these months. These adjustments also increase the average hourly 
solar gain by 11kW and 21kW respectively. There is a notable correlation between the fenestration factor 
and the FTD at p = 0.1 (R = -0.9441, p = 0.0559) during these months. Nevertheless, the difference 
between the AUC value in the room with the 10% and 25% fenestration factor is only 1.66°C·h/day. Thus, 
there is no significant correlation between the fenestration factor and the AUC for thermal discomfort.  
The results from the rooms in RB7 and RB8 suggest that there is a counter-balance between providing 
adequately sized windows for cross ventilation and for limiting the contribution of solar gain to the 
overheating indoors. More direct solar radiation reaches the rooms if the glazed facade areas are larger, 
yet, the results suggest that the 15% fenestration factor and the 20% fenestration factor are preferable 
to a 10% fenestration factor. Thus, it can be assumed that regardless of the shading elements around 
windows, a fenestration factor greater than 10% will lead to better thermal conditions for occupants, 
provided that the openable window area to floor area ratio is greater than 7%. It is worth noting that the 
sliding window systems commonly used in contemporary buildings in Abuja, effectively limit the openable 
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window area to less than 50% of the total window area. Thus, it would be more appropriate to have 
alternative window types, such as louvres or side hung casement windows, which would allow a larger 
part of the window area to be openable while maintaining a fenestration factor of around 10% to 15% in 
order to limit excessive solar gain. 
7.3.2 VISUAL PERFORMANCE ANALYSIS 
The results from the simulation of the visual conditions in the living room in RB7 and the bedroom in RB8 
with four different fenestration factors are presented in the tables and figures below.  
Table 7.14 Impact of the fenestration factor on the FVD in the living room in RB7 on the 15th of each month during the 
dry season and July and August 15th (during the rainy season) 
Fenestration  
factor (%) 
10 (BS) 15 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 33.33 16.67 16.67 16.67 33.33 16.67 16.67 -0.7746 0.2254 0.2254 
DEC 33.33 25.00 25.00 16.67 33.33 16.67 16.67 -0.9487 0.0513 0.0513 
JAN 41.67 25.00 25.00 16.67 41.67 16.67 25.00 -0.9234 0.0766 0.0766 
FEB 25.00 8.33 8.33 0.00 25.00 0.00 25.00 -0.9234 0.08 0.08 
MAR 16.67 0.00 0.00 0.00 16.67 0.00 16.67 -0.7746 0.2254 0.2254 
APR 16.67 8.33 8.33 16.67 16.67 8.33 8.33 0.0000 - - 
AVG 27.78 13.89 13.89 11.11 27.78 11.11 16.67 -0.8581 0.1419 0.1419 
JUL 16.67 41.67 50.00 50.00 50.00 16.67 33.33 0.8866 0.1134 0.1134 
AUG 16.67 41.67 58.33 50.00 58.33 16.67 41.67 0.8367 0.1633 0.1633 
AVG 16.67 41.67 54.17 50.00 54.17 16.67 37.50 0.8647 0.1353 0.1353 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.17 Impact of the fenestration factor on the average FVD in the living room in RB7 over the 15th day of each 
month during the dry season and on July and August 15th (during the rainy season)  
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Table 7.15 Impact of the fenestration factor on the AUC (intensity) for visual discomfort in the living room of RB7 on 
the 15th of each month during the dry season and July and August 15th (during the rainy season) 
Fenestration  
factor (%) 
10 (BS) 15 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 184 65 224 344 344 65 279 0.7166 0.2834 0.2834 
DEC 514 601 837 731 837 514 322 0.8061 0.1939 0.1939 
JAN 256 398 636 204 636 204 431 0.0554 0.9446 0.9446 
FEB 40 11 4 2 40 2 38 -0.8816 0.1184 0.1184 
MAR 33 2 2 2 33 2 31 -0.7746 0.2254 0.2254 
APR 114 350 556 463 556 114 443 0.8483 0.1517 0.1517 
AVG 190 238 376 291 376 190 186 0.7144 0.2856 0.2856 
JUL 42 165 630 807 807 42 765 0.9739 0.0261 0.0261 
AUG 51 210 702 810 810 51 759 0.9674 0.0326 0.0326 
AVG 47 188 666 809 809 47 762 0.9716 0.0284 0.0284 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.16 Impact of the fenestration factor on the FVD in the bedroom of RB8 on the 15th of each month during the 
dry season and July and August 15th (during the rainy season) 
Fenestration  
factor (%) 
10 15 (BS) 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 58.33 50.00 66.67 75.00 75.00 50.00 25.00 0.8000 0.2 0.2 
DEC 66.67 58.33 66.67 75.00 75.00 58.33 16.67 0.6325 0.3675 0.3675 
JAN 58.33 58.33 66.67 75.00 75.00 58.33 16.67 0.9439 0.0561 0.0561 
FEB 50.00 58.33 66.67 66.67 66.67 50.00 16.67 0.9439 0.0561 0.0561 
MAR 41.67 50.00 58.33 66.67 66.67 41.67 25.00 1.0000 <0.00001 <0.00001 
APR 41.67 50.00 58.33 58.33 58.33 41.67 16.67 0.9439 0.0561 0.0561 
AVG 52.78 54.17 63.89 69.44 69.44 52.78 16.67 0.9676 0.0324 0.0324 
JUL 58.33 75.00 83.33 83.33 83.33 58.33 25.00 0.9129 0.0871 0.0871 
AUG 58.33 75.00 75.00 83.33 83.33 58.33 25.00 0.9234 0.0766 0.0766 
AVG 58.33 75.00 79.17 83.33 83.33 58.33 25.00 0.9327 0.0673 0.0673 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
Figure 7.18 Impact of the fenestration factor on the average AUC for visual discomfort in the living room in RB7 over 
the 15th day of each month during the dry season and on July and August 15th (during the rainy season)  
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Table 7.17 Impact of the fenestration factor on the AUC (intensity) for visual discomfort in the bedroom of RB8 on the 
15th of each month during the dry season and July and August 15th (during the rainy season) 
Fenestration 
factor (%) 
10 15 (BS) 20 25 MAX MIN DIF R p=0.1 p=0.05 
NOV 12810 14635 19381 23766 23766 12810 10957 0.9850 0.0150 0.0150 
DEC 15257 17043 23166 29879 29879 15257 14622 0.9740 0.0260 0.0260 
JAN 14221 16272 21940 28338 28338 14221 14117 0.9784 0.0216 0.0216 
FEB 11230 13274 16410 20038 20038 11230 8808 0.9927 0.0073 0.0073 
MAR 9360 11800 15759 18988 18988 9360 9628 0.9962 0.0083 0.0083 
APR 5672 11656 15326 20082 20082 5672 14410 0.9957 0.0043 0.0043 
AVG 11425 14113 18664 23515 23515 11425 12090 0.9923 0.0077 0.0077 
JUL 1344 3957 6839 9716 9716 1344 8373 0.9997 0.0003 0.0003 
AUG 1410 4104 6483 9910 9910 1410 8500 0.9971 0.0029 0.0029 
AVG 1377 4031 6661 9813 9813 1377 8436 0.9990 0.0010 0.0010 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
  
 
 
 
 
 
 
 
RB7 LR 
On the days assessed during the dry season, the average FVD in the living room in RB7 is 14% lower if the 
fenestration factor of the room is increased from 10% to 15% or 20%. Increasing the fenestration factor 
Figure 7.19 Impact of the fenestration factor on the average FVD in the bedroom in RB8 over the 15th day of each 
month during the dry season 
Figure 7.20 Impact of the fenestration factor on the average AUC for visual discomfort in the bedroom in RB8 over the 
15th day of each month during the dry season and on July and August 15th (during the rainy season) 
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from 15% to 25% will further reduce the average FVD over these days by 2.8% (Table 7.14). Similarly, 
increasing the fenestration factor from 10% to 25% reduces the frequency of insufficient illuminance 
predicted in the room by 16.7% (which represents two fewer hours a day of visual discomfort) over the 
days assessed during this season. However, the average AUC for visual discomfort is 186lux·h/day higher 
if the fenestration factor is increased from 10% to 20%, but if the room has a 25% fenestration factor, the 
AUC value is about 100lux·h/day higher (291lux·h/day) as compared to the room with the 10% 
fenestration factor (190lux·h/day) (Table 7.15). Adjusting the total window area does not lead to major 
changes in the frequency and intensity of visual discomfort, because the shading elements around both 
windows in the room effectively limit the daylight reaching the room. As a result of such minimal changes 
in the illuminance levels in the room, no notable correlation was found between the fenestration factor 
and the frequency or the intensity of visual discomfort on the days during the dry season.  
On July and August 15th, increasing the fenestration factor from 10% to 25% increases the average FVD 
by 37.5%, because more direct solar radiation reaches the main window area on the north-east façade 
during this time of year. Although it is predicted that a 10% fenestration factor of the room will lead to 
an hour of insufficient illuminance around 7am on these two days, adjusting the fenestration factor to 
25% is expected to cause six hours of high illuminance levels on July and August 15th. The average AUC 
value over these two days will also increase by 762lux·h/day if the fenestration factor is increased from 
10% to 25%.  
The results indicate that a larger total window area can significantly reduce the frequency of visual 
discomfort due to insufficient illuminance levels, particularly during the dry season. Furthermore, 
increasing the size of the total window can help improve the thermal conditions without drastically 
worsening the lighting conditions in the room, because the shading elements around both the north-east 
and south-west façade limit the sunlight reaching the room. 
RB8 BR  
As expected, due to the easterly orientation and lack of shading elements around the windows in the 
bedroom in RB8, on the days assessed during the dry season, the average FVD in the room is about 16.7% 
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higher (Table 7.16) if the fenestration factor is increased from 15% to 25%. While this figure only 
represents about two additional hours of discomfort, increasing the fenestration factor can lead to a 
significant increase in the AUC value. As shown in table 7.17, the average AUC value is 9,400lux·h/day 
higher if the fenestration factor is increased from 15% to 25%. A significant correlation was found 
between the fenestration factor and the FVD (R = 0.9676, p = 0.0324). Likewise, a strong positive 
correlation was identified between the fenestration factor and the average AUC value predicted (R = 
0.9923, p = 0.0077), due to the increase in the average illuminance levels in the room, as the ratio of the 
total window area to floor area is increased from 10% to 25%.  
The eastern orientation of the windows leads to high levels of illuminance in the room (thus, the high 
AUC value calculated). However, regardless of the window sizes, far less sunlight reaches the room in the 
afternoon as the sun moves west. The maximum illuminance levels in the room rise by 1,950lux to 
4,500lux in the early hours of the days if the fenestration factor of the room is changed from 15% to 25%. 
Nevertheless, the illuminance levels in the room with either fenestration factors drops by 80% to 85% 
around midday.  
On July and August 15th, the FVD in the room with the 25% fenestration factor is around 8% higher, 
(approximately one hour) as compared to the base case (the room with the 15% fenestration factor). Due 
to the limited impact of the fenestration factor on the frequency of visual discomfort during these two 
days, there is a relatively less notable correlation between the fenestration factor and the FVD (R = 
0.9327, p = 0.0673) as compared to the dry season. On the other hand, over these two days, the average 
AUC is 5,783lux·h/day greater with the larger fenestration factor. As with the days during the dry season, 
there is a strong positive correlation between the fenestration factor and the average AUC value (R = 
0.9990, p = 0.0010).  
Overall, the results indicate that increasing the fenestration factor will have a negligible impact on the 
visual performance of the living room in RB7, because it has shading elements around the windows that 
limit the amount of sunlight reaching the room. Furthermore, the 25% fenestration factor can improve 
the uniformity of daylight distribution in the room to above 0.3 on the days assessed. By contrast, it is 
anticipated that increasing the fenestration factor of the bedroom in RB8, which does not have shading 
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components around the windows, will lead to an increase of the frequency and intensity of visual 
discomfort in the room. Furthermore, the uniformity of daylight illuminance in the room only improves 
as the illuminance levels in the room drop below 2000lux in the afternoon. These findings show that in 
relation to visual as well as thermal comfort, establishing the appropriate fenestration factor should 
include consideration of other parameters, such as shading, orientation and room layout.  
7.4 THERMAL TRANSMITTANCE OF ROOFS AND WALLS 
As with other climatic regions in the world, the energy demands in Nigerian dwellings are primarily 
imposed by the need for cooling, heating or ventilation as opposed to internal gains (ASHRAE, 2009). 
Thus, the thermal characteristics of the components that make up the building envelope have a significant 
influence on the thermal conditions in residential buildings. While thermal mass is an effective approach 
for cooling in regions with large diurnal temperature ranges (Al-Homoud, 2005), such as Abuja, it is 
evident that the use of heavy structures to construct buildings with multiple floors in the city will be 
expensive and impractical, particularly for low-income residents. This section examines how the use of 
polyurethane insulation materials can be used to reduce the amount of heat transmitted through the 
roof and external walls, in the living room in RB7 and the bedroom in RB8. Polyurethane foam is readily 
available as an insulating material in the Nigerian market. Furthermore, polyurethane can be easily and 
cheaply be produced in Nigeria, because it is a petroleum based product. The type and thickness of the 
materials used to reduce the thermal transmittance (u-value) of the roofs and walls in the case study 
buildings are described in tables 7.18 and 7.23. Subsequently, the impacts these changes to the roof and 
external wall construction have on the thermal condition indoors are discussed in sections 7.4.1 and 7.4.2. 
7.4.1 THERMAL PERFORMANCE ANALYSIS OF THE ROOF  
The table below illustrates the typical roof design configuration used in the design of RB7 and RB8, as well 
as three alternative roof designs with 100mm, 200mm and 300mm thick polyurethane insulation. 
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Table 7.18 Simulation roof types 
General description Sectional diagram U-value 
(W/m2K) 
B
a
se
 c
a
se
 (
B
S
) 
Typical practice from survey:  
Long span aluminium roofing sheets 
50 x 75mm hardwood purlins  
50 x 150mm hardwood rafters  
50 x 150mm hardwood kingposts 
50 x 100mm hardwood struts 
50 x 150mm hardwood tie beams 
50 x 50mm hardwood noggins 
12.5mm fibreboard ceiling  
20 x 40mm x length ceiling battens  
25 x 250mm x length hardwood fascia board 
 
3.79  
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Sandwich panel system: 
100mm Polyurethane rigid foam between 2 steel sheets  
50 x 75mm hardwood purlins  
50 x 150mm hardwood rafters  
50 x 150mm hardwood kingposts 
50 x 100mm hardwood struts 
50 x 150mm hardwood tie beams 
50 x 50mm hardwood noggins 
12.5mm fibreboard ceiling  
20 x 40mm x length ceiling battens  
25 x 250mm x length hardwood fascia board 
 
0.22 
V
a
ri
a
ti
o
n
 2
 (
R
0
2
) 
Sandwich panel system: 
200mm Polyurethane rigid foam between 2 steel sheets  
50 x 75mm hardwood purlins  
50 x 150mm hardwood rafters  
50 x 150mm hardwood kingposts 
50 x 100mm hardwood struts 
50 x 150mm hardwood tie beams 
50 x 50mm hardwood noggins 
12.5mm fibreboard ceiling  
20 x 40mm x length ceiling battens  
25 x 250mm x length hardwood fascia board 
 
0.12 
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Sandwich panel system: 
300mm Polyurethane rigid foam between 2 steel sheets  
50 x 75mm hardwood purlins  
50 x 150mm hardwood rafters  
50 x 150mm hardwood kingposts 
50 x 100mm hardwood struts 
50 x 150mm hardwood tie beams 
50 x 50mm hardwood noggins 
12.5mm fibreboard ceiling  
20 x 40mm x length ceiling battens  
25 x 250mm x length hardwood fascia board 
 
0.08 
Tables 7.19 to 7.22 show the results from the simulation of the thermal conditions in the living room in 
RB7 and the bedroom in RB8 with four different roof designs/construction materials.  
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Table 7.19 Impact of the roof thermal transmittance on the FTD in the living room in RB7 during the dry season, as well 
as in July and August (during the rainy season) 
U-value  
(W/m2K) 
3.79 (BS) 0.22 
(R01) 
0.12 
(R02) 
0.08 
(R03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 65.69 61.67 61.67 60.83 65.69 60.83 4.86 0.9874 0.0126 0.0126 
DEC 71.11 78.47 78.47 78.89 78.89 71.11 7.78 -0.9993 0.0007 0.0007 
JAN 81.45 81.05 81.05 80.65 81.45 80.65 0.81 0.8295 0.1705 0.1705 
FEB 98.07 98.96 98.96 98.81 98.96 98.07 0.89 -0.9821 0.0179 0.0179 
MAR 97.85 99.06 99.06 98.66 99.06 97.85 1.21 -0.9346 0.0654 0.0654 
APR 71.25 64.86 64.86 64.72 71.25 64.72 6.53 0.9997 0.0003 0.0003 
AVG 80.90 80.68 80.68 80.43 80.90 80.43 0.48 0.8076 0.1924 0.1924 
JUL 4.44 3.09 3.09 2.55 4.44 2.55 1.88 0.9557 0.0443 0.0443 
AUG 4.57 6.72 6.72 6.72 6.72 4.57 2.15 -0.9995 0.0005 0.0005 
AVG 4.50 4.91 4.91 4.64 4.91 4.50 0.40 -0.7628 0.2372 0.2372 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
Table 7.20 Impact of roof thermal transmittance on the AUC (intensity) for thermal discomfort in the living room in 
RB7 during the dry season, as well as in July and August (during the rainy season) 
U-value  
(W/m2K) 
3.79 (BS) 0.22 
(R01) 
0.12 
(R02) 
0.08 
(R03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 18.08 12.67 12.67 12.30 18.08 12.30 5.77 0.9990 0.0010 0.0010 
DEC 21.71 15.10 15.10 14.92 21.71 14.92 6.79 0.9997 0.0003 0.0003 
JAN 28.98 21.15 21.15 26.32 28.98 21.15 7.84 0.7666 0.2334 0.2334 
FEB 53.79 44.08 44.08 43.30 53.79 43.30 10.49 0.9985 0.0015 0.0015 
MAR 64.76 53.47 53.47 52.59 64.76 52.59 12.17 0.9986 0.0014 0.0014 
APR 32.67 23.96 23.96 23.33 32.67 23.33 9.34 0.9988 0.0012 0.0012 
AVG 36.67 28.40 28.40 28.79 36.67 28.40 8.26 0.9974 0.0026 0.0026 
JUL 1.33 1.18 1.18 1.17 1.33 1.17 0.16 0.9993 0.0007 0.0007 
AUG 1.22 1.42 1.42 1.43 1.43 1.22 0.22 -0.9997 0.0003 0.0003 
AVG 1.27 1.30 1.30 1.30 1.30 1.27 0.03 -0.9979 0.0021 0.0021 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
Table 7.21 Impact of the roof thermal transmittance on the FTD in the bedroom in RB8 during the dry season, as well 
as in July and August (during the rainy season) 
U-value  
(W/m2K) 
3.79 (BS) 0.22 
(R01) 
0.12 
(R02) 
0.08 
(R03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 38.06 36.53 36.25 36.39 38.06 36.25 1.81 0.9934 0.0066 0.0066 
DEC 41.39 41.39 41.25 40.97 41.39 40.97 0.42 0.4970 0.503 0.503 
JAN 55.91 51.48 51.08 51.21 55.91 51.08 4.84 0.9988 0.0012 0.0012 
FEB 75.45 69.94 69.49 70.09 75.45 69.49 5.95 0.9954 0.0046 0.0046 
MAR 84.27 79.57 79.70 79.70 84.27 79.57 4.70 0.9983 0.0017 0.0017 
APR 59.17 52.36 52.36 52.08 59.17 52.08 7.08 0.9996 0.0004 0.0004 
AVG 59.04 55.21 55.02 55.07 59.04 55.02 4.02 0.9998 0.0002 0.0002 
JUL 9.81 6.59 6.18 5.91 9.81 5.91 3.90 0.9927 0.0073 0.0073 
AUG 14.38 7.39 7.12 6.85 14.38 6.85 7.53 0.9995 0.0005 0.0005 
AVG 12.10 6.99 6.65 6.38 12.10 6.38 5.71 0.9982 0.0019 0.0019 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
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Table 7.22 Impact of the roof thermal transmittance on the AUC (intensity) for thermal discomfort in the bedroom in 
RB8 during the dry season, as well as in July and August (during the rainy season) 
U-value  
(W/m2K) 
3.79 (BS) 0.22 
(R01) 
0.12 
(R02) 
0.08 
(R03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 16.00 14.60 13.93 13.69 16.00 13.69 2.31 0.9396 0.0604 0.0604 
DEC 22.35 21.96 21.09 20.88 22.35 20.88 1.47 0.7683 0.2317 0.2317 
JAN 30.78 27.46 26.63 26.32 30.78 26.32 4.46 0.9788 0.0212 0.0212 
FEB 53.74 46.53 45.46 45.03 53.74 45.03 8.71 0.9924 0.0076 0.0076 
MAR 66.26 56.18 55.19 54.80 66.26 54.80 11.46 0.9973 0.0027 0.0027 
APR 34.69 27.71 26.86 26.51 34.69 26.51 8.18 0.9952 0.0048 0.0048 
AVG 37.30 32.41 31.53 31.21 37.30 31.21 6.10 0.9892 0.0108 0.0108 
JUL 2.09 1.62 1.53 1.49 2.09 1.49 0.60 0.9871 0.0129 0.0129 
AUG 2.18 1.78 1.67 1.64 2.18 1.64 0.54 0.9806 0.0194 0.0194 
AVG 2.14 1.70 1.60 1.57 2.14 1.57 0.57 0.9842 0.0158 0.0158 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
RB7 LR 
Table 7.19 shows that changing the u-value of the roof in RB7 from 3.79W/m2K to 0.08W/m2K only lowers 
the FTD in the living room by 0.5% (approximately 21 hours over six months). However, improving the u-
value of the roof has a more pronounced impact on the AUC values predicted in the room, particularly in 
February, March and April (Table 7.20). During these three months, the average AUC values are 
9.3°C·h/day to 12.2°C·h/day lower if the u-value of the roof structure is 0.08W/m2K, leading to an overall 
reduction of 8.3°C·h/day in the AUC value during the dry season. Table 7.20 also shows that there is a 
strong positive correlation between the u-value of the roof in RB7 and the AUC value in the room (R = 
0.9974, p = 0.0026) during the dry season. The operative temperatures  in the room with the insulated 
roof are often 2°C to 3°C lower around midday and in the afternoon on the days assessed during the dry 
season, but in the early morning, the operative temperatures with or without the insulated roof are 
similar. The results suggest that a roof with greater insulation can reduce the intensity of thermal 
discomfort in the room. Notwithstanding, it is calculated in BS that on December 15th, there will be five 
hours during which the operative temperatures in the room are within the acceptable range. However, 
the operative temperatures in the room with the insulated roof (0.08W/m2K) are above the upper limits 
of acceptability throughout this day.  
Insulating the roof of the building also has a negligible effect on the FTD during July and August.  Improving 
the u-value of the roof in RB7 from 3.79W/m2K to 0.08W/m2K only lowers the FTD in the room by 0.4% 
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(approximately 6 hours over these two months). Moreover, the average AUC over these months is only 
0.03°C·h/day lower in the room if the roof of the building is insulated. Table 7.20 shows that there is a 
strong positive correlation between the u-value of the roof and the AUC value in July (R = 0.9993, p = 
0.0007), but there is also a strong negative correlation between the u-value of the roof and the AUC value 
in August (R = -0.9997, p = 0.0003). Nevertheless, the impact of the roof insulation on the thermal 
conditions in the room during these months is very low, as compared to the values predicted during the 
dry season. The difference between the average daily temperatures in BS and R01 is less than 0.01°C. 
RB8 BR 
Table 7.21 shows that changing of the u-value of the roof in RB8 from 3.79W/m2K to 0.08W/m2K lowers 
the predicted FTD in the bedroom by 4% (approximately 174 hours). Similarly, improving the u-value of 
the roof has also led to an improvement in the AUC values calculated in the room, particularly during the 
second half of the dry season (Table 7.22). During February, March and April, the average AUC values in 
the room are 8.2°C·h/day to 11.5°C·h/day lower if the u-value of the roof structure is 0.08W/m2K, leading 
to an overall reduction of 6.1°C·h/day in the average AUC value during the dry season. The tables also 
show that there is a strong positive correlation between the u-value of the roof in RB8 and the average 
FTD (R = 0.9998, p = 0.0002), and the average AUC value (R = 0.9892, p = 0.0048) during the dry season.  
These results suggest that a roof with greater insulation can reduce the frequency and intensity of thermal 
discomfort in the room, particularly during the second half of the dry season, which is typically the hottest 
period of the year in Abuja. The operative temperatures in the room with the insulated roof are often 
lower throughout the days assessed. As a result of the lower operative temperatures recorded in the 
room with the insulated roof, there are one to two fewer hours of thermal discomfort on November, 
December, January and February 15th, as well as three fewer hours of thermal discomfort on March and 
April 15th.   
Similar to the previous case (RB7), insulating the roof of the building has a limited impact on the FTD and 
the AUC value in the room during July and August. According to the results, improving the u-value of the 
roof in RB8 from 3.79W/m2K to 0.08W/m2K has only led to a 0.6% reduction in the FTD in the room 
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(about 9 hours over these two months), and a 5.71°C·h/day reduction in the average AUC. However, 
despite the low impact of the insulation on the thermal environment of the room, a positive correlation 
between the u-value of the roof and the FTD (R = 0.9982, p = 0.0019) and the average AUC value (R = 
0.9842, p = 0.0158) was found during this period.  
Based on the analysis in this section, insulating the roofs in RB7 and RB8 will have a dissimilar impact on 
the thermal conditions in the rooms assessed in either building. It is likely that the heat that will be 
absorbed by the insulated roof in RB7 during the daytime, will be harder to flush out at night, due to the 
lack of adequate ventilation in the living room; thus, leading to higher temperatures in the room in the 
morning. Nevertheless, the results of the analysis suggest that insulating the roof of both buildings will 
have a generally positive effect on the thermal conditions indoors, particularly during the latter half of 
the dry season. The results also show that the different thicknesses of insulation seem to have a similar 
effects. Thus, small layers of insulation can be used to improve the thermal conditions in dwellings at a 
price that should be economically viable for low-income households. In addition, the overheating issues 
that might be caused by using roof insulation at particular times of the year, can be reduced by creating 
vents in the roofs in order to keep attic heat out of the rooms.  
7.4.2 THERMAL PERFORMANCE ANALYSIS OF THE WALLS 
Table 7.23 illustrates the wall design configuration, used in the design of RB7 and RB8, as well as three 
alternative wall designs with 50mm, 100mm and 150mm thick polyurethane insulation. These alternative 
designs, which improve the u-value of the external wall area, were used to examine the impact of the 
heat transmittance of walls on the thermal conditions indoors. As with the choices of roof insulating 
materials, the components of the wall types examined was selected based on the availability, practicality 
and cost of application of the materials in the context of Nigeria. 
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Table 7.23 Simulation wall types 
General description Sectional diagram U-value 
(W/m2K) 
B
a
se
 c
a
se
 (
B
S
) 
Typical practice from survey:  
From external to internal 
12.5mm sand/cement plastering 
225 x 450mm sandcrete block 
12.5mm sand/cement plastering 
Total thickness: 250mm 
 
2.15 
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Polyurethane panel system from survey:  
From external to internal 
12.5mm sand/cement plastering 
50mm polyurethane panel 
225 x 450mm sandcrete block 
12.5mm sand/cement plastering 
Total thickness: 300mm 
 
0.41 
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Polyurethane panel system from survey:  
From external to internal 
12.5mm sand/cement plastering 
100mm polyurethane panel 
150 x 450mm sandcrete block 
12.5mm sand/cement plastering 
Total thickness: 275mm 
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Polyurethane panel system from survey:  
From external to internal 
12.5mm sand/cement plastering 
150mm polyurethane panel 
150 x 450mm sandcrete block 
12.5mm sand/cement plastering 
Total thickness: 325mm 
 
0.15 
Tables 7.24 to 7.27 show the results from the simulation of the thermal conditions in the living room in 
RB7 and the bedroom in RB8 with four different wall designs. The tables also present the calculation of 
the difference between the maximum values and minimum values for the FTD and AUC for thermal 
discomfort, as well as the statistical correlation between the thermal transmittance (u-value) and the FTD 
and AUC values predicted.  
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Table 7.24 Impact of wall thermal transmittance on the FTD in the living room in RB7 during the dry season, as well as 
in July and August (during the rainy season) 
U-value 
(W/m2K) 
2.15 (BS) 0.41 
(W01) 
0.22 
(W02) 
0.15 
(W03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 65.69 63.61 64.03 63.61 65.69 63.61 2.08 0.9678 0.0079 0.0079 
DEC 71.11 66.11 66.39 66.81 71.11 66.11 5.00 0.9730 0.0270 0.0270 
JAN 81.45 76.75 75.88 76.21 81.45 75.88 5.57 0.9965 0.0004 0.0004 
FEB 98.07 97.32 97.32 97.17 98.07 97.17 0.89 0.9924 0.0076 0.0076 
MAR 97.85 98.52 98.52 98.52 98.52 97.85 0.67 -0.9933 0.0067 0.0067 
APR 71.25 68.89 68.89 68.75 71.25 68.75 2.50 0.9963 0.0037 0.0037 
AVG 80.90 78.53 78.50 78.51 80.90 78.50 2.40 0.9943 0.0057 0.0057 
JUL 4.44 5.91 5.91 5.91 5.91 4.44 1.48 -0.9933 0.0067 0.0067 
AUG 4.57 14.11 14.11 14.11 14.11 4.57 9.54 -0.9933 0.0067 0.0067 
AVG 4.50 10.01 10.01 10.01 10.01 4.50 5.51 -0.9933 0.0067 0.0067 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
Table 7.25 Impact of wall thermal transmittance on the AUC (intensity) for thermal discomfort in the living room in 
RB7 during the dry season, as well as in July and August (during the rainy season) 
U-value  
(W/m2K) 
2.15 (BS) 0.41 
(W01) 
0.22 
(W02) 
0.15 
(W03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 18.08 16.71 16.80 16.82 18.08 16.71 1.36 0.9825 0.0175 0.0175 
DEC 21.71 18.90 19.09 19.20 21.71 18.90 2.81 0.9781 0.0219 0.0219 
JAN 28.98 25.49 25.55 25.67 28.98 25.49 3.49 0.9877 0.0123 0.0123 
FEB 53.79 50.82 50.78 50.80 53.79 50.78 3.01 0.9942 0.0058 0.0058 
MAR 64.76 60.92 60.79 60.75 64.76 60.75 4.01 0.9969 0.0031 0.0031 
APR 32.67 30.28 30.22 30.22 32.67 30.22 2.45 0.9955 0.0045 0.0045 
AVG 36.67 33.85 33.87 33.91 36.67 33.85 2.81 0.9914 0.0086 0.0086 
JUL 1.33 1.48 1.48 1.48 1.48 1.33 0.15 -0.9916 0.0084 0.0084 
AUG 1.22 1.92 1.91 1.91 1.92 1.22 0.70 -0.9922 0.0078 0.0078 
AVG 1.27 1.70 1.70 1.70 1.70 1.27 0.43 -0.9921 0.0079 0.0079 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
Table 7.26 Impact of wall thermal transmittance on the FTD in the bedroom in RB8 during the dry season, as well as in 
July and August (during the rainy season) 
U-value  
(W/m2K) 
2.15 (BS) 0.41 
(W01) 
0.22 
(W02) 
0.15 
(W03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 38.06 40.28 39.72 39.86 40.28 38.06 2.22 -0.9396 0.0604 0.0604 
DEC 41.39 43.47 43.61 43.47 43.61 41.39 2.22 -0.9933 0.0067 0.0067 
JAN 55.91 52.55 51.97 52.69 55.91 51.97 3.94 0.9797 0.0203 0.0203 
FEB 75.45 69.20 68.75 69.05 75.45 68.75 6.70 0.9954 0.0046 0.0046 
MAR 84.27 78.76 78.49 79.03 84.27 78.49 5.78 0.9878 0.0122 0.0122 
APR 59.17 54.86 54.86 54.72 59.17 54.72 4.44 0.9953 0.0047 0.0047 
AVG 59.04 56.52 56.24 56.47 59.04 56.24 2.81 0.9934 0.0066 0.0066 
JUL 9.81 11.02 10.62 10.89 11.02 9.81 1.21 -0.9246 0.0754 0.0102 
AUG 14.38 16.26 16.26 16.40 16.40 14.38 2.02 -0.9965 0.0035 0.0035 
AVG 12.10 13.64 13.44 13.64 13.64 12.10 1.55 -0.9814 0.0186 0.0186 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
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Table 7.27 Impact of wall thermal transmittance on the AUC (intensity) for thermal discomfort in the bedroom in RB8 
during the dry season, as well as in July and August (during the rainy season) 
U-value  
(W/m2K) 
2.15 (BS) 0.41 
(W01) 
0.22 
(W02) 
0.15 
(W03) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 16.00 19.31 18.77 19.13 19.31 16.00 3.32 -0.9733 0.0267 0.0267 
DEC 22.35 28.23 27.54 28.08 28.23 22.35 5.88 -0.9823 0.0177 0.0177 
JAN 30.78 31.22 30.10 30.84 31.22 30.10 1.12 0.1255 0.8745 0.8745 
FEB 53.74 49.49 47.95 48.76 53.74 47.95 5.79 0.9824 0.0176 0.0176 
MAR 66.26 59.89 58.47 59.10 66.26 58.47 7.79 0.9943 0.0057 0.0057 
APR 34.69 31.46 30.42 30.91 34.69 30.42 4.28 0.9873 0.0127 0.0127 
AVG 37.30 36.60 35.54 36.14 37.30 35.54 1.76 0.8513 0.1487 0.1487 
JUL 2.09 2.40 2.33 2.38 2.40 2.09 0.30 -0.9591 0.0409 0.0409 
AUG 2.18 3.33 3.31 3.34 3.34 2.18 1.15 -0.9937 0.0063 0.0063 
AVG 2.14 2.86 2.82 2.86 2.86 2.14 0.72 -0.9898 0.0102 0.0102 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
RB7 LR 
Improving the u-value of the external wall areas of the living room in RB7 from 2.15W/m2K to 0.41W/m2K, 
0.22W/m2K or 0.15W/m2K lowers the FTD during the dry season by about 2.4% (approximately 104 
hours). Furthermore, the three alternative wall designs examined, lower the AUC value during the season 
by about 2.8°C·h/day. Tables 7.24 and 7.25 show that there are strong positive correlations between the 
u-value of the external walls of the living room and the FTD (R = 0.9943, p = 0.0057), as well as the AUC 
for thermal discomfort (R = 0.9914, p = 0.0086). Notwithstanding, there is only a slight difference between 
the thermal conditions in the room with either the 0.41W/m2K or 0.15W/m2K external wall u-value on 
the days assessed during the dry season.  The results suggest that having 50mm of polyurethane 
insulation on the external façade of the room can be almost as effective for reducing thermal discomfort 
as having a 150mm thick insulation during the dry season.  
Contrastingly, insulating the walls in the living room in RB7 increases the frequency and intensity of 
thermal discomfort during July and August. All three alternative wall designs lead to a 5.5% increase in 
the FTD (about 82 hours), but the average AUC value during these months is only slightly higher 
(1.7°C·h/day), as compared to the room without the wall insulation (1.3°C·h/day). Tables 7.24 and 7.25 
show that there is a strong negative correlation between the u-value of the walls and the FTD (R = -0.9933, 
p = 0.0067), as well as the average AUC value (R = -0.9993, p = 0.0007) during these months.  
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In general, the balconies around both external facades of the living room in RB7 limit the amount of solar 
radiation received by the walls, thus, insulating the walls to reduce the heat transmitted into the room 
might often be superfluous.  
RB8 BR 
It is predicted that adding a layer of insulation to the external wall areas of the bedroom in RB8 to change 
the u-value from 2.15W/m2K to 0.15W/m2K, lowers the FTD during the dry season by about 2.8% 
(approximately 121 hours). Likewise, the alternative wall designs slightly reduce the intensity of thermal 
discomfort during the dry season by about 0.7°C·h/day to 1.76°C·h/day. Table 7.26 shows that there is a 
strong positive correlation between the u-value of the external walls of the room and the FTD (R = 0.9934, 
p = 0.0066). Yet, there is no statistically significant relationship between the u-value of the walls and the 
AUC value.  
Similar to the previous case (RB7), insulating the external walls of RB8 increases the frequency and 
intensity of thermal discomfort in July and August. However, the increase in the average FTD created by 
insulating the external walls is low. All three alternative wall designs only lead to a 1.35% to 1.55% increase 
in the FTD (approximately 20-23 hours). Furthermore, the average AUC value during these months is only 
slightly higher in the room with the 0.15W/m2K u-value (2.86°C·h/day), as compared to the room without 
the wall insulation (2.14°C·h/day). Based on these figures, a significant negative correlation between the 
u-value of the walls and the FTD (R = -0.9814, p = 0.0186), as well as the average AUC value (R = 0.9898, 
p = 0.0102) was identified during these two months, as illustrated in Tables 7.26 and 7.27. Figure 7.46 
indicates that insulating the wall will lead to a reduction of less than 0.2°C in the maximum operative 
temperatures on July and August 15th.  
Based on the analysis of both the living room in RB7 and the bedroom in RB8, it seems that insulating the 
walls will not significantly affect the temperatures indoors.  
7.5 FACADE SHADING VARIABLES 
The use of shading elements has been a common practice in Nigerian architecture. Verandas and shaded 
courtyards are used in the traditional architecture of the region as well as the colonial and Afro-Brazilian 
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styles that emerged in Nigeria in the eighteenth century (Carroll, 1992). Whereas, these design elements 
are still being used in the design of more contemporary residential buildings in Abuja, the appropriate 
configuration and sizing of these elements remains unclear. The analysis in this section attempts to assess 
the impact different depths of façade shading have on the occurrence of thermal and visual discomfort 
is examined in this section.  
The bedroom in RB8, the living room in RB2 and the bedroom in RB3 were selected to examine the impact 
of façade shading in rooms with different façade configurations and layouts. The shading for the walls 
was created by extending the eaves of the roofs and positioning vertical screens on either side of each 
elevation, as shown in figure 7.21.  
 
 
 
 
 
7.5.1 THERMAL PERFORMANCE ANALYSIS  
Tables 7.28 to 7.33 show the results from the simulation of the thermal conditions in the bedroom in RB8, 
the living room in RB2 and the bedroom in RB3 with the three façade shading designs illustrated in figure 
7.47, as well as without shading elements (BS). Additionally, figures 7.22 to 7.27 illustrate the impact of 
the variations in the façade shading depths on the frequency and intensity of discomfort in the rooms. 
Table 7.28 Impact of the façade shading on the FTD in the bedroom in RB8 during the dry season, as well as in July and 
August (during the rainy season) 
Shading  
(m) 
BS  
 
FS1 
 (0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 38.06 39.31 39.03 38.33 39.31 38.06 1.25 0.3018 0.6982 0.6982 
DEC 41.39 42.92 42.92 42.64 42.92 41.39 1.53 0.7897 0.2103 0.2103 
JAN 55.91 52.28 52.15 52.02 55.91 52.02 3.90 -0.9047 0.0953 0.0953 
FEB 75.45 69.20 69.20 69.05 75.45 69.05 6.40 -0.8873 0.1127 0.1127 
MAR 84.27 77.82 77.82 77.96 84.27 77.82 6.45 -0.8700 0.13 0.13 
APR 59.17 55.42 55.42 55.00 59.17 55.00 4.17 -0.9155 0.0845 0.0845 
AVG 59.04 56.16 56.09 55.83 59.04 55.83 3.21 -0.9165 0.0924 0.0924 
JUL 9.81 11.96 11.42 11.02 11.96 9.81 2.15 0.5955 0.4045 0.4045 
AUG 14.38 15.32 14.78 14.25 15.32 14.25 1.08 -0.0679 0.9321 0.9321 
AVG 12.10 13.64 13.10 12.63 13.64 12.10 1.55 0.3878 0.6122 0.6122 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
Figure 7.21 Illustration of the existing façade design, and alternative designs with three different facade shading sizes 
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Table 7.29 Impact of the façade shading on the AUC (intensity) for thermal discomfort in the bedroom of RB8 during 
the dry season, as well as in July and August (during the rainy season) 
Shading  
(m) 
BS  
 
FS1 
 (0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 16.00 21.81 21.40 21.10 21.81 16.00 5.82 0.8225 0.1775 0.1775 
DEC 22.35 31.42 31.06 30.69 31.42 22.35 9.06 0.8439 0.1561 0.1561 
JAN 30.78 36.60 36.19 35.87 36.60 30.78 5.82 0.8207 0.1793 0.1793 
FEB 53.74 57.41 57.07 56.88 57.41 53.74 3.67 0.8107 0.1893 0.1893 
MAR 66.26 67.43 67.31 67.22 67.43 66.26 1.17 0.7898 0.2102 0.2102 
APR 34.69 37.10 36.82 36.57 37.10 34.69 2.41 0.7658 0.2342 0.2342 
AVG 37.30 41.96 41.64 41.39 41.96 37.30 4.66 0.8223 0.1777 0.1777 
JUL 2.09 2.91 2.80 2.70 2.91 2.09 0.82 0.7424 0.2576 0.2576 
AUG 2.18 3.62 3.45 3.30 3.62 2.18 1.43 0.7666 0.2334 0.2334 
AVG 2.14 3.26 3.12 3.00 3.26 2.14 1.12 0.7580 0.242 0.242 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.22 Impact of the façade shading on the average FTD in the bedroom in RB8 during the dry season, as well as in 
July and August (during the rainy season) 
Figure 7.23 Impact of the façade shading on the average AUC for thermal discomfort in the bedroom in RB8 during the 
dry season, as well as in July and August (during the rainy season) 
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Table 7.30 Impact of the façade shading on the FTD in the living room of RB2 during the dry season, as well as in July 
and August (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2 
 (0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 37.22 31.94 28.61 27.50 37.22 27.50 9.72 -0.9906 0.0094 0.0094 
DEC 43.61 39.03 35.69 33.61 43.61 33.61 10.00 -0.9971 0.0029 0.0029 
JAN 53.36 48.52 46.24 44.49 53.36 44.49 8.87 -0.9979 0.0021 0.0021 
FEB 71.28 67.11 66.07 65.33 71.28 65.33 5.95 -0.9754 0.0246 0.0246 
MAR 79.44 77.28 77.15 77.15 79.44 77.15 2.28 -0.9003 0.0997 0.0997 
APR 51.67 50.14 49.86 49.72 51.67 49.72 1.94 -0.9525 0.0475 0.0475 
AVG 56.10 52.34 50.60 49.63 56.10 49.63 6.46 -0.9931 0.0069 0.0069 
JUL 5.65 4.30 3.90 3.63 5.65 3.63 2.02 -0.9820 0.0180 0.0180 
AUG 5.11 3.09 2.55 2.15 5.11 2.15 2.96 -0.9795 0.0205 0.0205 
AVG 5.38 3.70 3.23 2.89 5.38 2.89 2.49 -0.9806 0.0194 0.0194 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.31 Impact of the façade shading on the AUC (intensity) for thermal discomfort in the living room of RB2 during 
the dry season, as well as in July and August (during the rainy season) 
Shading 
 (m) 
BS  
 
FS1  
(0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 17.92 12.28 10.08 8.95 17.92 8.95 8.97 -0.9869 0.0131 0.0131 
DEC 27.25 19.23 15.63 13.37 27.25 13.37 13.88 -0.9942 0.0058 0.0058 
JAN 34.29 26.02 22.31 20.27 34.29 20.27 14.02 -0.9921 0.0079 0.0079 
FEB 54.21 44.83 42.27 40.69 54.21 40.69 13.52 -0.9763 0.0237 0.0237 
MAR 59.74 54.25 53.56 53.03 59.74 53.03 6.71 -0.9434 0.0566 0.0566 
APR 29.16 27.52 26.99 26.53 29.16 26.53 2.63 -0.9902 0.0098 0.0098 
AVG 37.10 30.69 28.47 27.14 37.10 27.14 9.96 -0.9856 0.0144 0.0144 
JUL 1.63 1.42 1.36 1.31 1.63 1.31 0.32 -0.9858 0.0142 0.0142 
AUG 1.42 1.22 1.17 1.13 1.42 1.13 0.29 -0.9796 0.0204 0.0204 
AVG 1.52 1.32 1.26 1.22 1.52 1.22 0.30 -0.9830 0.0170 0.0170 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
Figure 7.24 Impact of the façade shading on the average FTD in the living room in RB2 during the dry season, as well as 
in July and August (during the rainy season) 
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Table 7.32 Impact of the façade shading on the FTD in the bedroom of RB3 during the dry season, as well as in July and 
August (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 33.61 26.81 26.81 24.17 33.61 24.17 9.44 -0.9631 0.0369 0.0369 
DEC 39.31 37.50 33.75 31.53 39.31 31.53 7.78 -0.9588 0.0412 0.0412 
JAN 47.04 45.43 41.67 40.73 47.04 40.73 6.32 -0.9527 0.0473 0.0473 
FEB 64.29 62.65 61.76 61.46 64.29 61.46 2.83 -0.9886 0.0114 0.0114 
MAR 72.98 72.58 72.72 72.58 72.98 72.58 0.40 -0.8281 0.1719 0.1719 
APR 47.36 45.97 45.56 45.42 47.36 45.42 1.94 -0.9688 0.0312 0.0312 
AVG 50.77 48.49 47.04 45.98 50.77 45.98 4.79 -0.9988 0.0012 0.0012 
JUL 5.24 4.70 3.49 3.49 5.24 3.49 1.75 -0.9376 0.0624 0.0624 
AUG 4.70 3.49 2.69 2.15 4.70 2.15 2.55 -0.9982 0.0018 0.0018 
AVG 4.97 4.10 3.09 2.82 4.97 2.82 2.15 -0.9819 0.0181 0.0181 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.25 Impact of the façade shading on the average AUC for thermal discomfort in the living room in RB2 during 
the dry season, as well as in July and August (during the rainy season) 
Figure 7.26 Impact of the façade shading on the average FTD in the bedroom in RB3 during the dry season, as well as 
in July and August (during the rainy season) 
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Table 7.33 Impact of the façade shading on the AUC (intensity) for thermal discomfort in the bedroom of RB3 during 
the dry season, as well as in July and August (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 12.84 10.63 8.00 6.96 12.84 6.96 5.88 -0.9840 0.0160 0.0160 
DEC 20.99 18.22 14.07 11.45 20.99 11.45 9.54 -0.9740 0.0260 0.0260 
JAN 25.66 22.67 18.53 16.28 25.66 16.28 9.38 -0.9788 0.0212 0.0212 
FEB 42.53 38.40 35.48 34.16 42.53 34.16 8.37 -0.9948 0.0052 0.0052 
MAR 47.82 46.09 45.61 45.13 47.82 45.13 2.69 -0.9877 0.0123 0.0123 
APR 24.17 23.08 22.53 22.00 24.17 22.00 2.17 -1.0000 0.00001 0.00001 
AVG 29.00 26.51 24.04 22.66 29.00 22.66 6.34 -0.9906 0.0094 0.0094 
JUL 1.56 1.40 1.31 1.24 1.56 1.24 0.32 -0.9991 0.0009 0.0009 
AUG 1.38 1.23 1.15 1.11 1.38 1.11 0.28 -0.9949 0.0051 0.0051 
AVG 1.47 1.31 1.23 1.18 1.47 1.18 0.30 -0.9977 0.0023 0.0023 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
RB8 BR 
The analysis of the results indicates that the addition of shading components to the façades of the 
bedroom will reduce the frequency of thermal discomfort. During the dry season, the predicted FTD in 
the rooms are 2.9%, 2.95% and 3.2% lower (139 hours) respectively, with the 0.6m (FS1), 0.9m (FS2), and 
1.2m (FS3) shading projections (Table 7.28). Thus, a negative relationship between the shading depth and 
FTD (R = -0.9165, p = 0.0924) was found, indicating that increasing the shading projection reduces the 
frequency of thermal discomfort (Table 7.29). The results also indicate that an addition of such shading 
elements can contribute to a 4.1°C·h/day to 4.7°C·h/day increase in the average AUC values during this 
season. Yet, the relationship between the shading depth and the average AUC value is not significant.   
The shading elements limit the amount of solar radiation reaching the room in the morning, leading to 
lower temperatures in the room during these periods. However, the predicted operative temperature in 
Figure 7.27 Impact of the façade shading on the average AUC for thermal discomfort in the bedroom in RB3 during the 
dry season 
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the room with FS3 is higher around midday. Compared to the base case, the mean radiant temperatures 
and air temperatures in the room with FS3 are 0.6°C to 1 ͦC higher around midday. The data suggests that 
the shading elements might limit the access of fresh air into the room and also increase the amount of 
heat transferred into the room from the façade components. Furthermore, the average hourly levels of 
solar gain on the days assessed during the dry season is only slightly lower (0.05kW) in the room with FS3. 
As a result of the higher midday temperatures in the room with FS3, the predicted intensity of thermal 
discomfort in the room is higher on the days assessed during the dry season. However, due to the lower 
morning temperatures in the room with FS3, as compared to the base case, it is calculated that there will 
be at least two fewer hours of thermal discomfort in the shaded room on these days. 
As is the case during the dry season, the results also indicate that any of the three alternative shading 
designs will increase the frequency and intensity of thermal discomfort in the room during the rainy 
season. The FTD predicted in the room with FS1 is 1.55% higher (approximately 23 hours), as compared 
to the FTD in the room without shading components; however, the average AUC value during these 
months is only 1.1°C·h/day higher. The data presented in tables 7.28 and 7.29 indicate that there is no 
significant correlation between the shading depth and the FTD or the average AUC values in the room 
during these months.  
RB2 LR 
In contrast with the predicted impact of façade shading on the thermal performance of the bedroom in 
RB8, it is anticipated that the depth of façade shading will have a greater influence on the frequency and 
intensity of thermal discomfort in the living room in RB2. The data presented in table 7.30 indicates that 
during the dry season, the predicted FTD in the room is 3.8%, 5.5% and 6.5% lower (approximately 282 
hours), with FS1, FS2 and FS3 respectively. Similarly, the average AUC values calculated for the season are 
6.4°C·h/day to 10°C·h/day lower in the room with the alternative façade configurations (Table 7.31). The 
data shows that there are strong negative correlations between the shading depth and FTD (R = -0.9931, 
p = 0.0069), as well as the average AUC value (R = -0.9856, p = 0.0144). As shown in figure 7.55, FS3 
significantly diminishes the contribution of solar gain to high temperatures predicted indoors. The 
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average hourly level of solar gain on the days assessed during the dry season is 37kW lower in the room 
with FS3.  
A similar trend is obtained during the rainy season. According to the results, any of the three alternative 
shading designs will lead to a decrease in the frequency and intensity of thermal discomfort in the room 
during the middle of July and August. The FTD predicted in the room with FS3 is 2.5%  lower 
(approximately 37 hours), as compared to the FTD in the room without shading components; however, 
the average AUC value is only 0.3°C·h/day lower during these months. The data presented in tables 7.30 
and 7.31 suggest that there are strong negative correlations between the shading depth and the FTD (R 
= -0.9806, p = 0.0194), as well as the average AUC values (R = -0.9830, p = 0.0170) in the room during 
these months. The use of façade shading in the living room in RB2 appears to be more effective than it is 
in the bedroom in RB8, because the shading elements significantly reduce the average hourly levels of 
solar gain. This is mainly due to the fact that the room in RB2 is orientated south. Hence, the vertical fins 
and horizontal overhangs effectively limit the exposure of the room to direct sunlight in the morning 
(when the sun is at a low angle in the east) and afternoon (when the sun is at a high angle in the south) 
respectively. 
RB3 BR 
As with RB2, façade shading also has a positive impact on the thermal conditions in the bedroom in RB3. 
As shown in table 7.32, the predicted FTD in the room during the dry season is 2.3%, 3.7% and 4.8% lower 
(approximately 208 hours) with FS1, FS2 and FS3 respectively. Similarly, the average AUC values during 
the season are 2.5-6.3°C·h/day lower in the room with the alternative façade configurations. Therefore, 
strong negative correlations were found between the shading depth and FTD (R = -0.9988, p = 0.0012), 
as well as the average AUC value (R = -0.9906, p = 0.0094) (Tables 7.32 and 7.33). 
As illustrated in figure 7.27, the third shading element (FS3) can lower the levels of solar radiation 
reaching the room, thus, reducing the operative temperatures indoors on the days assessed. The average 
hourly level of solar gain on the days assessed during the dry season is 17kW lower in the room with the 
addition of this shading element (16kW), as compared to the base case (the room without shading 
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components) (33kW). However, the shading elements are less effective at limiting the levels of solar gain 
around sunset, when more solar radiation reaches the room through the window in its westerly façade.  
A similar trend is also calculated for the rainy season. According to the results, attaching any of the three 
alternative shading designs to the building, facades will also lead to a decrease in the frequency and 
intensity of thermal discomfort in the room during July and August. The FTD predicted in the room with 
FS3 is 2.15% lower (approximately 32 hours), as compared to the FTD in the room without shading 
components (Figure 7.52). Also, the average AUC value in the bedroom in RB3 is 0.3°C·h/day lower with 
FS3 during these months, similar to the living room in RB2. Based on the above, the data suggests that 
there is a strong negative correlation between the shading depth and the average AUC values (R = -
0.9977, p = 0.0023), as well as the FTD (R = -0.9819, p = 0.0181) during these months. 
Overall, the analysis of the impact of façade shading on thermal conditions in the three rooms suggests 
that the use of rigid horizontal and vertical façade shading components is more effective for improving 
the thermal conditions indoor, when the window walls are orientated north or south, as is the case with 
the living room in RB2. On the other hand, rigid horizontal façade shading devices do not seem to be 
appropriate for shading easterly and westerly facades, as exemplified by the impact of façade shading on 
the performance of the bedroom in RB8.  
7.5.2 VISUAL PERFORMANCE ANALYSIS 
Tables 7.34 to 7.39 show the results from the simulation of the visual conditions in the bedroom in RB8, 
the living room in RB2 and the bedroom in RB3 with the three façade shading designs, as well as without 
these shading elements. Additionally, figures 7.28 to 7.33 illustrate the impact of the variations in the 
façade shading depths on the frequency and intensity of thermal discomfort in the selected rooms. 
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Table 7.34 Impact of the façade shading on the FVD in the bedroom in RB8 on the 15th of each month during the dry 
season and July and August 15th (during the rainy season) 
Shading 
 (m) 
BS  
 
FS1 
 (0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 50.00 50.00 50.00 33.33 50.00 33.33 16.67 -0.6831 0.0173 0.0173 
DEC 58.33 58.33 50.00 50.00 58.33 50.00 8.33 -0.8452 0.1548 0.1548 
JAN 58.33 58.33 50.00 41.67 58.33 41.67 16.67 -0.8664 0.1336 0.1336 
FEB 58.33 50.00 41.67 33.33 58.33 33.33 25.00 -0.9827 0.0173 0.0173 
MAR 50.00 41.67 33.33 25.00 50.00 25.00 25.00 -0.9827 0.0173 0.0173 
APR 50.00 41.67 33.33 25.00 50.00 25.00 25.00 -0.9827 0.0173 0.0173 
AVG 54.17 50.00 43.06 34.72 54.17 34.72 19.44 -0.9472 0.0528 0.0528 
JUL 75.00 75.00 66.67 66.67 75.00 66.67 8.33 -0.8452 0.1548 0.1548 
AUG 75.00 75.00 66.67 75.00 75.00 66.67 8.33 -0.2928 0.7072 0.7072 
AVG 75.00 75.00 66.67 70.83 75.00 66.67 8.33 -0.6625 0.3375 0.3375 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
Table 7.35.  
 
Table 7.35 Impact of the façade shading on the AUC (intensity) for visual discomfort in the bedroom of RB8 on the 15th 
of each month during the dry season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 14635 16708 11542 7593 16708 7593 9115 -0.7460 0.254 0.254 
DEC 17043 19895 16728 10174 19895 10174 9722 -0.6157 0.3843 0.3843 
JAN 16272 18498 14730 9999 18498 9999 8500 -0.6881 0.3119 0.3119 
FEB 13274 14114 9997 7802 14114 7802 6312 -0.8157 0.1843 0.1843 
MAR 11800 11786 7290 6888 11800 6888 4912 -0.8590 0.141 0.141 
APR 11656 9454 7492 6888 11656 6888 4768 -0.9888 0.0112 0.0112 
AVG 14113 15076 11296 8224 15076 8224 6852 -0.8009 0.1991 0.1991 
JUL 3957 3812 2975 2090 3957 2090 1867 -0.8982 0.1018 0.1018 
AUG 4104 3936 3103 2665 4104 2665 1439 -0.9218 0.0782 0.0782 
AVG 4031 3874 3039 2378 4031 2378 1653 -0.9119 0.0881 0.0881 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
Figure 7.28 Impact of the façade shading on the average FVD in the bedroom in RB8 over the 15th day of each month 
during the dry season and on July and August 15th (during the rainy season) 
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Table 7.36 Impact of the façade shading on the FVD in the living room in RB2 on the 15th of each month during the dry 
season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2 
 (0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 83.33 83.33 8.33 0.00 83.33 0.00 83.33 -0.8606 0.1394 0.1394 
DEC 91.67 83.33 58.33 0.00 91.67 0.00 91.67 -0.8646 0.1354 0.1354 
JAN 83.33 83.33 25.00 0.00 83.33 0.00 83.33 -0.8779 0.1221 0.1221 
FEB 83.33 0.00 0.00 0.00 83.33 0.00 83.33 -0.8783 0.1217 0.1217 
MAR 66.67 0.00 0.00 0.00 66.67 0.00 66.67 -0.8783 0.1217 0.1217 
APR 25.00 0.00 0.00 8.33 25.00 0.00 25.00 -0.6901 0.3099 0.3099 
AVG 72.22 41.67 15.28 1.39 72.22 1.39 70.83 -0.9938 0.0062 0.0062 
JUL 83.33 66.67 58.33 50.00 83.33 50.00 33.33 -1.0000 <0.00001 <0.00001 
AUG 83.33 66.67 66.67 50.00 83.33 50.00 33.33 -0.9562 0.0438 0.0438 
AVG 83.33 66.67 62.50 50.00 83.33 50.00 33.33 -0.9895 0.0105 0.0105 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.29 Impact of the façade shading on the average AUC for visual discomfort in the bedroom in RB8 over the 
15th day of each month during the dry season and on July and August 15th (during the rainy season) 
Figure 7.30 Impact of the façade shading on the average FVD in the living room in RB2 over the 15th day of each month 
during the dry season and on July and August 15th (during the rainy season)  
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Table 7.37 Impact of the façade shading on the AUC (intensity) for visual discomfort in the living room of RB2 on the 
15th of each month during the dry season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 32826 680 53 2 32826 2 32824 -0.8863 0.1137 0.1137 
DEC 45868 6428 307 2 45868 2 45866 -0.9273 0.0727 0.0727 
JAN 40010 3251 321 2 40010 2 40008 -0.9084 0.0916 0.0916 
FEB 17504 2 2 2 17504 2 17502 -0.8783 0.1217 0.1217 
MAR 1462 2 2 2 1462 2 1460 -0.8783 0.1217 0.1217 
APR 519 2 2 4 519 2 517 -0.8767 0.1233 0.1233 
AVG 23032 1727 115 2 23032 2 23029 -0.9061 0.0939 0.0939 
JUL 5523 2516 1416 634 5523 634 4889 -0.9908 0.0093 0.0093 
AUG 5656 2619 1379 692 5656 692 4964 -0.9896 0.0104 0.0104 
AVG 5589 2568 1398 663 5589 663 4927 -0.9903 0.0097 0.0097 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.38 Impact of façade shading on the FVD in the bedroom in RB3 on the 15th of each month during the dry season 
and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
FS1  
(0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 91.67 91.67 50.00 41.67 91.67 41.67 50.00 -0.8687 0.1313 0.1313 
DEC 91.67 91.67 83.33 41.67 91.67 41.67 50.00 -0.7645 0.2355 0.2355 
JAN 91.67 91.67 66.67 33.33 91.67 33.33 58.33 -0.8533 0.1467 0.1467 
FEB 91.67 75.00 41.67 33.33 91.67 33.33 58.33 -0.9599 0.0401 0.0401 
MAR 83.33 58.33 33.33 25.00 83.33 25.00 58.33 -0.9875 0.0125 0.0125 
APR 66.67 58.33 50.00 25.00 66.67 25.00 41.67 -0.9035 0.0965 0.0965 
AVG 86.11 77.78 54.17 33.33 86.11 33.33 52.78 -0.9338 0.0662 0.0662 
JUL 91.67 83.33 75.00 66.67 91.67 66.67 25.00 -0.9827 0.0173 0.0173 
AUG 83.33 83.33 75.00 66.67 83.33 66.67 16.67 -0.8664 0.1336 0.1336 
AVG 87.50 83.33 75.00 66.67 87.50 66.67 20.83 -0.9463 0.0537 0.0537 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
Figure 7.31 Impact of the façade shading on the average AUC for visual discomfort in the living room in RB2 over the 
15th day of each month during the dry season and on July and August 15th (during the rainy season) 
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Table 7.39 Impact of façade shading on the AUC (intensity) for visual discomfort in the bedroom of RB3 on the 15th of 
each month during the dry season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
FS1 
 (0.6)  
FS2  
(0.9) 
FS3 
(1.2) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 35245 20409 10778 8316 35245 8316 26929 -0.9874 0.0126 0.0126 
DEC 42313 41852 10604 6266 42313 6266 36047 -0.8679 0.1321 0.1321 
JAN 38323 34632 13454 11033 38323 11033 27291 -0.9061 0.0939 0.0939 
FEB 28596 16347 15048 11396 28596 11396 17200 -0.9724 0.0276 0.0276 
MAR 33116 16949 16092 12229 33116 12229 20887 -0.9560 0.0440 0.0440 
APR 33075 27284 20021 14467 33075 14467 18608 -0.9790 0.0210 0.0210 
AVG 35111 26246 14333 10618 35111 10618 24493 -0.9783 0.0217 0.0217 
JUL 10405 6762 4260 2324 10405 2324 8081 -0.9981 0.0019 0.0019 
AUG 9561 6913 4402 2419 9561 2419 7142 -0.9899 0.0101 0.0101 
AVG 9983 6837 4331 2371 9983 2371 7611 -0.9952 0.0048 0.0048 
Note: all values in °Luxh/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.32 Impact of the façade shading on the average FVD in the bedroom in RB3 over the 15th day of each month 
during the dry season and on July and August 15th (during the rainy season) 
Figure 7.33 Impact of the façade shading on the average AUC for visual discomfort in the bedroom in RB3 over the 
15th day of each month during the dry season and on July and August 15th (during the rainy season) 
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RB8 BR 
With the addition of FS1, FS2 and FS3, the average FVD in the bedroom in RB8 (see Table 7.34) is around 
4.2%, 11% and 19% lower respectively on the days assessed during the dry season. This latter value 
represents, on average, two less hour of visual discomfort on these days. The average AUC values are also 
2,817lux·h/day and 5,890lux·h/day lower with FS2 and FS3, but with the addition of FS1 the average AUC 
value is 963lux·h/day higher. As shown in figure 7.63, the use of FS1, as compared with the base case, 
seems to further reduce the amount of daylight (which is already below the lower limits of acceptability 
without shading) reaching the room through the windows on the north-east and south-east facade in the 
afternoon. Also, FS1 does not notably limit the high levels of illuminance reaching the room in the 
morning. As a consequence, tables 7.34 and 7.35 show that there is a notable statistical relationship 
between the projection of shading and the FVD (R = -0.9472, p = 0.0528), but that there is no significant 
relationship between the shading depth and the AUC for visual discomfort during these days. The 
maximum illuminance levels in the room drop by 14lux to 3,143lux on the days during the dry season with 
the addition of FS3, as compared to the base case where no shading elements were used. As discussed 
before, the façade shading is less effective in blocking the low angle of the sun in the morning. Thus, more 
sunlight enters the room through the windows on the north-easterly and south-easterly façade between 
7am and 9am on these days. 
On July and August 15th, the average FVD in the room with FS3 is around 8.3% lower (representing 
approximately one fewer hour of visual discomfort), as compared to the room without shading 
components. The average AUC value with FS3 is also 1,653lux·h/day lower over these two days. Although 
there is no significant correlation between the shading projection and the average FVD over these two 
days, a connection was found between the shading projection and the average AUC value (R = -0.9119, p 
= 0.0881).  
RB2 LR 
The predicted FVD in the living room in RB2 is significantly lower with either of the three of the façade 
shading designs examined. With FS1, FS2 and FS3 respectively, the average FVD in the room is about 31%, 
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57% and 71% lower on the days assessed during the dry season (Table 7.36).  This represents three to 
nine fewer hours of visual discomfort on these days.  Likewise, the average AUC values are 21,300 to 
23,000lux·h/day lower, with the attachment of these rigid shading components. Nevertheless, tables 7.36 
and 7.37 show that there is a linear relationship between the depth of shading and the FVD (R = -0.9938, 
p = 0.0062), as well as a connection between the shading projection and the AUC for visual discomfort (R 
= -0.9061, p = 0.0939) during these days. Although both FS1 and FS3 designs immensely reduce the 
frequency of the occurrence of high illuminance levels in the room, FS1 is less effective at reducing the 
frequency of visual discomfort on December and January 15th; specifically in the morning and evening. 
This is likely because the sun is typically at a lower altitude angle during this time of the year. Thus, the 
shorter shading projection blocks less sunlight. Without the shading elements.  
On July and August 15th, the average FVD in the room with FS3 is 33% lower, as compared to the room 
without shading components (Table 7.36). The average AUC value predicted in the room with FS3 is also 
4,927lux·h/day lower over these two days. Additionally, there are significant correlations between the 
shading projection and the FVD (R = -0.9895, p = 0.0105), as well as the average AUC values predicted (R 
=- 0.9903, p = 0.0097).  
RB3 BR 
The predicted average FVD in the bedroom in RB3 is 8%, 32% and 53% lower in the room with FS1, FS2 
and FS3 respectively (Table 7.38). This represents one to six fewer hours of visual discomfort on these 
days. In addition, the average AUC values are 8,866 to 24,493lux·h/day lower with these rigid shading 
components. Thus, the data presented in tables 7.38 and 7.39 show that there is a connection between 
the shading projection and the FVD (R = -0.9338, p = 0.0662), as well as a significant negative correlation 
between the average AUC (R = -0.9783, p = 0.0217) during these days. As expected, the third shading 
element (FS3) is capable of limiting the high amount of sunlight reaching the room through its south 
facing window in the morning and around midday on the days during the dry season. Yet, the levels of 
illuminance reaching the room between 3pm and 6pm are still high, because the 1.2m deep vertical and 
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horizontal shading components are less effective at blocking out the light reaching the west facing 
window in the room when the sun is at a low angle in the west around sunset.  
On July and August 15th, the average FVD in the room with FS3 is 21% lower, as compared to the room 
without shading components (Table 7.38). The average AUC value predicted in the room with FS3 is also 
7,611lux·h/day lower over these two days (Table 7.39). There is a notable relationship between the 
shading projection and the FVD (R = -0.9463, p = 0.0537), as well as a strong negative correlation between 
shading projection and the average AUC values predicted (R = -0.9952, p = 0.0048).  
7.6 WINDOW SHADING VARIABLES 
Rigid window shading elements, including fins, overhangs and egg-crates have been a common feature 
in Nigerian contemporary architecture since the modernist style, known as tropical or African modernism, 
emerged in the mid-twentieth century (Uduku, 2006). These types of shading elements can be beneficial 
for improving the thermal and visual conditions indoors by limiting the amount of solar radiation that 
reaches a room through its openings. However, as illustrated in figure 6.20, if the size or form of these 
shading elements does not effectively limit the amount of solar radiation reaching the room, some 
residents might choose to retrofit improvised shading components. Thus, the appropriate configuration 
and size required for these types of shading elements to be effective ought to be considered, particularly 
with regards to the orientation of the openings. The bedroom in RB8, the living room in RB2 and the 
bedroom in RB3 were selected to examine the impact of window shading in rooms with different façade 
configurations and layouts. The composite shading devices used, consist of an overhang above the 
window and fins on either side of the window as shown in figure 7.34. 
 
 
 
 
 
 
Figure 7.34 Illustration of the existing façade design, as well as alternative designs with three different window shading 
sizes 
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7.6.1 THERMAL PERFORMANCE ANALYSIS 
Tables 7.40 to 7.45 and figure 7.35 to 7.40 show the results from the simulation of the thermal conditions 
in the bedroom in RB8, the living room in RB2 and the bedroom in RB3 with the three different composite 
shading designs illustrated in figure 7.34, as well as without shading elements (BS). 
Table 7.40 Impact of window shading on the FTD in the bedroom in RB8 during the dry season, as well as in July and 
August (during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 38.06 36.39 34.58 33.89 38.06 33.89 4.17 -0.9850 0.0150 0.0150 
DEC 41.39 39.72 38.19 36.39 41.39 36.39 5.00 -0.9995 0.0005 0.0005 
JAN 55.91 53.90 52.02 50.54 55.91 50.54 5.38 -0.9977 0.0023 0.0023 
FEB 75.45 73.81 72.62 71.73 75.45 71.73 3.72 -0.9910 0.0090 0.0090 
MAR 84.27 84.01 83.74 83.20 84.27 83.20 1.08 -0.9827 0.0173 0.0173 
APR 59.17 58.33 57.50 56.94 59.17 56.94 2.22 -0.9959 0.0041 0.0041 
AVG 59.04 57.69 56.44 55.45 59.04 55.45 3.59 -0.9978 0.0022 0.0022 
JUL 9.81 8.06 6.99 6.45 9.81 6.45 3.36 -0.9718 0.0282 0.0282 
AUG 14.38 11.16 9.27 8.20 14.38 8.20 6.18 -0.9731 0.0269 0.0269 
AVG 12.10 9.61 8.13 7.33 12.10 7.33 4.77 -0.9726 0.0274 0.0274 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
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Figure 7.35 Impact of window shading on the average FTD in the bedroom in RB8 during the dry season, as well as in 
July and August (during the rainy season) 
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Table 7.41 Impact of window shading on the AUC (intensity) for thermal discomfort in the bedroom of RB8 during the 
dry season, as well as in July and August (during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 16.00 14.47 12.98 12.15 16.00 12.15 3.84 -0.9917 0.0083 0.0083 
DEC 22.35 20.09 18.03 16.78 22.35 16.78 5.57 -0.9923 0.0077 0.0077 
JAN 30.78 28.13 25.95 24.63 30.78 24.63 6.15 -0.9896 0.0104 0.0104 
FEB 53.74 50.98 48.62 47.21 53.74 47.21 6.52 -0.9904 0.0096 0.0096 
MAR 66.26 63.58 61.76 60.56 66.26 60.56 5.70 -0.9847 0.0153 0.0153 
APR 34.69 33.19 32.07 31.45 34.69 31.45 3.25 -0.9841 0.0159 0.0159 
AVG 37.30 35.08 33.23 32.13 37.30 32.13 5.17 -0.9895 0.0105 0.0105 
JUL 2.09 1.96 1.83 1.76 2.09 1.76 0.34 -0.9911 0.0089 0.0089 
AUG 2.18 2.03 1.82 1.71 2.18 1.71 0.48 -0.9952 0.0048 0.0048 
AVG 2.14 1.99 1.83 1.73 2.14 1.73 0.41 -0.9944 0.0056 0.0056 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.42 Impact of window shading on the FTD in the living room in RB2 during the dry season and in July and August 
(during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 37.22 35.42 32.92 30.83 37.22 30.83 6.39 -0.9983 0.0017 0.0017 
DEC 43.61 40.83 39.17 37.36 43.61 37.36 6.25 -0.9925 0.0075 0.0075 
JAN 53.36 50.40 48.39 47.45 53.36 47.45 5.91 -0.9749 0.0251 0.0251 
FEB 71.28 68.75 67.56 66.96 71.28 66.96 4.32 -0.9550 0.0450 0.0450 
MAR 79.44 77.55 77.42 77.42 79.44 77.42 2.02 -0.8081 0.8081 0.8081 
APR 51.67 50.42 50.28 50.28 51.67 50.28 1.39 -0.8241 0.8241 0.8241 
AVG 56.10 53.90 52.62 51.72 56.10 51.72 4.38 -0.9797 0.0203 0.0203 
JUL 5.65 5.11 4.84 4.44 5.65 4.44 1.21 -0.9918 0.0082 0.0082 
AUG 5.11 4.03 3.90 3.36 5.11 3.36 1.75 -0.9481 0.0519 0.0519 
AVG 5.38 4.57 4.37 3.90 5.38 3.90 1.48 -0.9705 0.0295 0.0295 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
Figure 7.36 Impact of window shading on the average AUC for thermal discomfort in the bedroom in RB8 during the 
dry season, as well as in July and August (during the rainy season) 
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Table 7.43 Impact of window shading on the AUC (intensity) for thermal discomfort in the living room of RB2 during 
dry season and in July and August (during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 17.92 15.03 12.96 11.67 17.92 11.67 6.25 -0.9856 0.0144 0.0144 
DEC 27.25 22.97 19.87 17.28 27.25 17.28 9.97 -0.9933 0.0670 0.0670 
JAN 34.29 29.93 26.87 24.54 34.29 24.54 9.75 -0.9901 0.0099 0.0099 
FEB 54.21 49.33 46.44 45.49 54.21 45.49 8.72 -0.9573 0.0427 0.0427 
MAR 59.74 56.40 56.05 55.93 59.74 55.93 3.81 -0.8366 0.1634 0.1634 
APR 29.16 28.37 28.31 28.23 29.16 28.23 0.93 -0.8529 0.1471 0.1471 
AVG 37.10 33.67 31.75 30.52 37.10 30.52 6.57 -0.9745 0.0255 0.0255 
JUL 1.63 1.52 1.48 1.45 1.63 1.45 0.18 -0.9494 0.0506 0.0506 
AUG 1.42 1.32 1.28 1.24 1.42 1.24 0.17 -0.9617 0.0383 0.0383 
AVG 1.52 1.42 1.38 1.35 1.52 1.35 0.17 -0.9558 0.0442 0.0442 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.37 Impact of window shading on the average FTD in the living room in RB2 during the dry season, as well as 
in July and August (during the rainy season) 
Figure 7.38 Impact of window shading on the average AUC for thermal discomfort in the living room in RB2 during the 
dry season, as well as in July and August (during the rainy season) 
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Table 7.44 Impact of window shading on the FTD in the bedroom in RB3 during the dry season and in July and August 
(during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 33.61 30.00 26.67 25.69 33.61 25.69 7.92 -0.9743 0.0257 0.0257 
DEC 39.31 36.39 33.06 31.81 39.31 31.81 7.50 -0.9852 0.0148 0.0148 
JAN 47.04 44.62 41.67 41.40 47.04 41.40 5.65 -0.9601 0.0399 0.0399 
FEB 64.29 62.80 61.76 61.61 64.29 61.61 2.68 -0.9486 0.0514 0.0514 
MAR 72.98 72.58 72.45 72.45 72.98 72.45 0.54 -0.8866 0.1134 0.1134 
APR 47.36 46.11 45.56 45.00 47.36 45.00 2.36 -0.9761 0.0239 0.0239 
AVG 50.77 48.75 46.86 46.33 50.77 46.33 4.44 -0.9740 0.0260 0.0260 
JUL 5.24 4.70 3.49 3.23 5.24 3.23 2.02 -0.9730 0.0270 0.0270 
AUG 4.70 3.36 2.42 1.88 4.70 1.88 2.82 -0.9821 0.0179 0.0179 
AVG 4.97 4.03 2.96 2.55 4.97 2.55 2.42 -0.9852 0.0148 0.0148 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.45 Impact of window shading on the AUC (intensity) for thermal discomfort in the bedroom of RB3 during dry 
season and in July and August (during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2 
 (0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 12.84 10.35 8.05 7.42 12.84 7.42 5.42 -0.9729 0.0271 0.0271 
DEC 20.99 16.94 13.32 11.83 20.99 11.83 9.17 -0.9821 0.0179 0.0179 
JAN 25.66 21.92 18.28 16.99 25.66 16.99 8.68 -0.9807 0.0193 0.0193 
FEB 42.53 38.98 36.10 35.17 42.53 35.17 7.36 -0.9723 0.0277 0.0277 
MAR 47.82 46.18 45.35 44.83 47.82 44.83 2.99 -0.9676 0.0324 0.0324 
APR 24.17 23.07 22.27 21.77 24.17 21.77 2.40 -0.9861 0.0139 0.0139 
AVG 29.00 26.24 23.90 23.00 29.00 23.00 6.00 -0.9783 0.0217 0.0217 
JUL 1.56 1.39 1.28 1.22 1.56 1.22 0.34 -0.9767 0.0233 0.0233 
AUG 1.38 1.21 1.12 1.08 1.38 1.08 0.30 -0.9580 0.0420 0.0420 
AVG 1.47 1.30 1.20 1.15 1.47 1.15 0.32 -0.9686 0.0314 0.0314 
Note: all values in °C·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
Figure 7.39 Impact of window shading on the average FTD in the bedroom in RB3 during the dry season, as well as in 
July and August (during the rainy season)  
Chapter seven 
Page 342 of 431 
 
 
 
 
 
 
 
 
 
RB8 BR 
The results suggest that window shading elements will have a more positive impact on the frequency and 
intensity of thermal discomfort than façade shading elements in the bedroom in RB8, particularly with 
the addition of S3. Table 7.40 shows that during the dry season, the predicted FTD in the room is 1.35%, 
2.6% and 3.6% lower (approximately 156 hours) respectively, with the 0.3m (S1), 0.6m (S2), and 0.9m (S3) 
shading projections. The data indicates that the FTD with S3 is only 0.4% (17 hours) lower than with FS3. 
Nevertheless, table 7.41 shows that the average AUC values during the season are 2.2°C·h/day to 
5.2°C·h/day lower in the room with the shading elements around the windows. Based on the above 
results, strong negative correlations between the shading depth and the FTD (R = -0.9978, p = 0.0022), as 
well as the AUC value (R = -0.9895, p = 0.0105) were found, indicating that increasing the shading 
projection reduces the frequency and intensity of thermal discomfort. Despite the north-east and south-
east orientation of the window walls in the room, the shading elements sufficiently limit the amount of 
solar radiation reaching the room in the morning. The average hourly levels of solar gain on the days 
assessed during the dry season is 0.34kW lower in the room with S3. The results suggest that S3 is more 
effective at limiting the solar gain in the room than FS3, which only leads to a 0.05kW reduction in the 
average hourly solar gain in the bedroom in RB8. Furthermore, the predicted operative temperatures in 
the room with S3 are often 0.5°C to 0.8°C lower than the temperatures in the room without shading 
elements.  
Figure 7.40 Impact of window shading on the average AUC for thermal discomfort in the bedroom in RB3 during the 
dry season, as well as in July and August (during the rainy season)  
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During July and August, the FTD predicted in the room with S3 is 4.8% lower (approximately 70 hours), as 
compared to the FTD in the room without shading components. Although the AUC value over these 
months is only 0.4°C·h/day lower, it is notably better when compared with the façade shading 
components, which can increase the AUC value by 1.1°C·h/day. There are also significant correlations 
between the shading projection and the FTD (R = -0.9726, p = 0.0274), as well as the average AUC value 
(R = -0.9944, p = 0.0056) in the room during these months.  
RB2 LR 
The data presented in tables 7.42 and 7.43 suggest that the window shading components will have a less 
positive influence on the thermal conditions in the living room in RB2 than the façade shading 
components. During the dry season, the predicted FTD in the room with these window shading elements 
is 2.2%, 3.5% and 4.4% lower (about 135 hours), while FS3 (façade shading) will likely lower the FTD by 
about 6.5% (approximately 282 hours). The average AUC values during the season are 3.4°C·h/day to 
6.6°C·h/day lower in the room with the window shading components, whereas with FS3 the average AUC 
values are about 10°C·h/day lower. There are also significant correlations between the shading depth and 
the FTD (R = -0.9797, p = 0.0203), as well as the average AUC value (R = -0.9745, p = 0.0255). Similar to 
FS3, the average hourly level of solar gain on the days assessed during the dry season is 37kW lower in 
the room with S3.  
It is predicted that any of the three alternative shading designs will also lead to a decrease in the 
frequency and intensity of thermal discomfort in the room during the rainy season. The FTD predicted in 
the room with S3 is 1.5% lower (approximately 22 hours), as compared to the FTD in the room without 
shading components; however, the average AUC value is only 0.2°C·h/day lower during these months. 
The results suggest that there are significant negative correlations between the shading width and the 
FTD (R = -0.9705, p = 0.0295), as well as the average AUC values (R = -0.9558, p = 0.0442) in the room 
during these months. 
Overall, the data suggests that using façade shading is more effective for reducing thermal discomfort in 
the living room in RB2 than using window shading, because the orientation of the room allows this 
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shading type to be more effective for limiting solar gain. However, the cost of shading the windows is 
cheaper than façade shading and might be more appropriate in houses for low-income earners. 
RB3 BR 
The window shading components examined also have a positive impact on the thermal conditions in the 
bedroom in RB3. As shown in table 7.44, the predicted FTD in the room during the dry season is 2%, 3.9% 
and 4.4% lower (approximately 191 hours), with S1, S2 and S3 respectively. Furthermore, the average 
AUC values during the season are 2.8°C·h/day to 6°C·h/day lower in the room with the window shading 
components. Moreover, the information in tables 7.44 and 7.45 show that there are significant 
correlations between the shading projection and the FTD (R = -0.9740, p = 0.0260), as well as the average 
AUC value (R = -0.9783, p = 0.0217).  
The average hourly level of solar gain on the days assessed during the dry season is 64% lower in the 
room with S3 (12kW), as compared to the room without shading components (33kW), leading to a 0.5°C 
to 2°C reduction in the maximum operative temperatures in the room. Despite this reduction in solar gain 
due to the use of window shading, there is still a high amount of sunlight reaching the room through the 
window in its westerly façade around sunset.  
During July and August, the FTD predicted in the room with S3 is 2.4% lower (about 36 hours), as 
compared to the FTD in the room without shading components. Similarly, the average AUC value in the 
room is 0.3°C·h/day lower with S3 during these months. The data suggests that there are statistical 
correlations between the shading width and the FTD (R = -0.9852, p = 0.0148), as well as the average AUC 
values (R = -0.9686, p = 0.0314) during these months. 
In general, it seems that façade shading components are more appropriate for rooms that are orientated 
north or south. On the other hand, rooms with windows on the easterly or westerly façade will most likely 
require window shading elements to limit the level of solar radiation entering the room through the 
openings, particularly around sunrise and sunset.  
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7.6.2 VISUAL PERFORMANCE ANALYSIS 
Tables 7.46 to 7.51 and figures 7.41 to 7.46 show the results from the simulation of the visual conditions 
in the selected cases. 
Table 7.46 Impact of window shading on the FVD in the bedroom in RB8 on the 15th of each month during the dry 
season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 50.00 50.00 33.33 25.00 50.00 25.00 25.00 -0.9467 0.0533 0.0533 
DEC 58.33 50.00 41.67 33.33 58.33 33.33 25.00 -1.0000 <0.00001 <0.00001 
JAN 58.33 41.67 33.33 25.00 58.33 25.00 33.33 -0.9827 0.0173 0.0173 
FEB 58.33 33.33 33.33 25.00 58.33 25.00 33.33 -0.8944 0.1056 0.1056 
MAR 50.00 33.33 33.33 25.00 50.00 25.00 25.00 -0.9234 0.0766 0.0766 
APR 50.00 33.33 33.33 16.67 50.00 16.67 33.33 -0.9487 0.0513 0.0513 
AVG 54.17 40.28 34.72 25.00 47.22 27.78 19.44 -0.6325 0.3675 0.3675 
JUL 75.00 66.67 41.67 16.67 75.00 16.67 58.33 -0.9798 0.0202 0.0202 
AUG 75.00 66.67 50.00 16.67 75.00 16.67 58.33 -0.9592 0.0408 0.0408 
AVG 75.00 66.67 45.83 16.67 75.00 16.67 58.33 -0.9726 0.0274 0.0274 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
Table 7.47 Impact of window shading on the AUC (intensity) for visual discomfort in the bedroom of RB8 on the 15th 
of each month during the dry season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
S1 
 (0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 14635 5566 3537 825 14635 825 13809 -0.9372 0.0628 0.0628 
DEC 17043 9349 3493 2605 17043 2605 14438 -0.9535 0.0465 0.0465 
JAN 16272 8242 3931 1730 16272 1730 14542 -0.9645 0.0355 0.0355 
FEB 13274 6164 2237 494 13274 494 12780 -0.9617 0.0383 0.0383 
MAR 11800 4785 1966 1042 11800 1042 10759 -0.9305 0.0695 0.0695 
APR 11656 7447 3480 896 11656 896 10760 -0.9945 0.0055 0.0055 
AVG 14113 6925 3107 1265 14113 1265 12848 -0.9619 0.0381 0.0381 
JUL 3957 1715 372 15 3957 15 3942 -0.9524 0.0476 0.0476 
AUG 4104 1804 429 26 4104 26 4078 -0.9547 0.0453 0.0453 
AVG 4031 1759 400 21 4031 21 4010 -0.9535 0.0465 0.0465 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
Figure 7.41 Impact of window shading on the average FVD in the bedroom in RB8 over the 15th day of each month 
during the dry season and on July and August 15th (during the rainy season) 
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Table 7.48 Impact of window shading on the FVD in the living room in RB2 on the 15th of each month during the dry 
season and July and August 15th (during the rainy season) 
Shading (m) BS  
 
S1  
(0.3)  
S2 
 (0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 83.33 83.33 83.33 8.33 83.33 8.33 75.00 -0.7746 0.2254 0.2254 
DEC 91.67 83.33 83.33 33.33 91.67 33.33 58.33 -0.8468 0.1532 0.1532 
JAN 83.33 83.33 83.33 16.67 83.33 16.67 66.67 -0.7746 0.2254 0.2254 
FEB 83.33 83.33 0.00 0.00 83.33 0.00 83.33 -0.8944 0.1056 0.1056 
MAR 66.67 0.00 0.00 8.33 66.67 0.00 66.67 -0.7020 0.298 0.298 
APR 25.00 16.67 0.00 8.33 25.00 0.00 25.00 -0.8000 0.2 0.2 
AVG 72.22 58.33 41.67 12.50 72.22 12.50 59.72 -0.9839 0.0161 0.0161 
JUL 83.33 75.00 66.67 41.67 83.33 41.67 41.67 -0.9562 0.0438 0.0438 
AUG 83.33 66.67 66.67 58.33 83.33 58.33 25.00 -0.9234 0.0766 0.0766 
AVG 83.33 70.83 66.67 50.00 83.33 50.00 33.33 -0.9768 0.2320 0.0232 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Figure 7.42 Impact of window shading on the average AUC for visual discomfort in the bedroom in RB8 over the 15th 
day of each month during the dry season and on July and August 15th (during the rainy season) 
Figure 7.43 Impact of window shading on the average FVD in the living room in RB2 over the 15th day of each month 
during the dry season and on July and August 15th (during the rainy season) 
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Table 7.49 Impact of window shading on the AUC (intensity) for visual discomfort in the living room of RB2 on the 15th 
of each month during the dry season and July and August 15th (during the rainy season) 
Shading 
 (m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 32826 28766 5049 352 32826 352 32474 -0.9526 0.0474 0.0474 
DEC 45868 35777 16780 1535 45868 1535 44333 -0.9937 0.0063 0.0063 
JAN 40010 29546 8256 1471 40010 1471 38539 -0.9816 0.0184 0.0184 
FEB 17504 5173 2 2 17504 2 17502 -0.9018 0.0982 0.0982 
MAR 1462 2 2 15 1462 2 1460 -0.7700 0.23 0.23 
APR 519 24 2 3 519 2 517 -0.7949 0.2051 0.2051 
AVG 23032 16548 5015 563 23032 563 22469 -0.9868 0.0132 0.0132 
JUL 5523 3568 1673 401 5523 401 5122 -0.9956 0.0044 0.0044 
AUG 5656 3685 1763 464 5656 464 5192 -0.9958 0.0042 0.0042 
AVG 5589 3626 1718 433 5589 433 5157 -0.9957 0.0043 0.0043 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
Table 7.50 Impact of window shading on the FVD in the bedroom in RB3 on the 15th of each month during the dry 
season and July and August 15th (during the rainy season) 
Shading  
(m) 
BS  
 
S1  
(0.3)  
S2  
(0.6) 
S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 91.67 91.67 33.33 25.00 91.67 25.00 66.67 -0.9202 0.0798 0.0798 
DEC 91.67 91.67 41.67 25.00 91.67 25.00 66.67 -0.9393 0.0607 0.0607 
JAN 91.67 91.67 33.33 33.33 91.67 33.33 58.33 -0.8944 0.1056 0.1056 
FEB 91.67 83.33 33.33 33.33 91.67 33.33 58.33 -0.9234 0.0766 0.0766 
MAR 83.33 50.00 41.67 33.33 83.33 33.33 50.00 -0.9327 0.0673 0.0673 
APR 66.67 58.33 33.33 33.33 66.67 33.33 33.33 -0.9393 0.0607 0.0607 
AVG 86.11 77.78 36.11 30.56 86.11 30.56 55.56 -0.9483 0.0517 0.0517 
JUL 91.67 83.33 58.33 8.33 91.67 8.33 83.33 -0.9467 0.0533 0.0533 
AUG 83.33 83.33 58.33 25.00 83.33 25.00 58.33 -0.9342 0.0658 0.0658 
AVG 87.50 83.33 58.33 16.67 87.50 16.67 70.83 -0.9428 0.0572 0.0572 
Note: all values in %, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
Figure 7.44 Impact of window shading on the average AUC for visual discomfort in the living room in RB2 over the 15th 
day of each month during the dry season and on July and August 15th (during the rainy season)  
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Table 7.51 Impact of window shading on the AUC (intensity) for visual discomfort in the bedroom of RB3 on the 15th 
of each month during the dry season and July and August 15th (during the rainy season) 
Shading (m) BS  
 
S1  
(0.3)  
S2 (0.6) S3 
(0.9) 
MAX MIN DIF R p=0.1 p=0.05 
NOV 35245 13281 7964 2806 35245 2806 32439 -0.9285 0.0715 0.0715 
DEC 42313 26812 3812 2296 42313 2296 40017 -0.9583 0.0417 0.0417 
JAN 38323 16795 6776 1828 38323 1828 36495 -0.9538 0.0462 0.0462 
FEB 28596 14839 6591 5493 28596 5493 23102 -0.9392 0.0608 0.0608 
MAR 33116 14839 10002 9428 33116 9428 23688 -0.8816 0.1184 0.1184 
APR 33075 19671 11388 10849 33075 10849 22226 -0.9331 0.0669 0.0669 
AVG 35111 17706 7755 5450 35111 5450 29661 -0.9464 0.0536 0.0536 
JUL 10405 5061 1244 9 10405 9 10396 -0.9668 0.0332 0.0332 
AUG 9561 12675 1332 17 12675 17 12657 -0.8343 0.1657 0.1657 
AVG 9983 8868 1288 13 9983 13 9969 -0.9465 0.0535 0.0535 
Note: all values in °Lux·h/day, ‘DIF’ indicates the difference between the highest and lowest values 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.45 Impact of window shading on the average FVD in the bedroom in RB3 over the 15th day of each month 
during the dry season and on July and August 15th (during the rainy season) 
Figure 7.46 Impact of window shading on the average AUC for visual discomfort in the bedroom in RB3 over the 15th 
day of each month during the dry season and on July and August 15th (during the rainy season) 
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RB8 BR 
On average, on the days assessed during the dry season the addition of shading elements S1, S2 and S3 
reduce the average FVD in the bedroom in RB8 by about 14%, 19% and 29%, as compared to the base 
case (Table 7.46); representing about one to three fewer hours of visual discomfort on these days. 
Furthermore, these shading elements can reduce the average AUC values for visual discomfort in the 
room over these days by 7,188 to 12,848lux·h/day. Whereas there is no significant relationship between 
the shading projection and the average FVD, there is a significant correlation between the shading 
projection and the average AUC values (R = -0.9535, p = 0.0465). These results suggest that while the 
window shading elements might not be very effective for limiting the hours of visual discomfort, they are 
much more effective for reducing the intensity of visual discomfort in the room during the dry season. 
Moreover, the uniformity ratio of lighting in the room with S3 is above 0.3 when the illuminance levels 
are below the upper limits of acceptability (500lux). These findings indicate that the presence of S3 can 
be very beneficial for reducing the intensity of visual discomfort in the room. 
On July and August 15th, the average FVD in the room with S2 is around 58% lower, as compared to the 
room without shading components (Table 7.46). Over these two days, the average AUC in the room with 
S3 is also about 4,010lux·h/day lower (Table 7.47). Thus, there is a statistically significant relationship 
between the length of the shading projections and the FVD (R = -0.9726, p = 0.0274) as well as the AUC 
values (R = -0.9535, p = 0.0465) in the room over these two days.  
In contrast with the impact of the shading projections on the predicted conditions in the room on the 
days during the dry season, on the days assessed during the rainy season, both S2 and S3 seem to be 
equally effective at reducing the intensity of visual discomfort. Given that S2 is more effective than S3 at 
reducing the frequency of visual discomfort on the days during the dry season, S2 can be more 
appropriate for improving the visual conditions in the bedroom in RB8 for most of the year. 
RB2 LR 
With S1, S2 and S3 respectively, the average FVD predicted in the room is about 14%, 31% and 60% lower 
on the days during the dry season (Table 7.48), representing two to seven less hours of visual discomfort. 
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Furthermore, the average AUC values are 6,484 lux·h/day to 22,469lux·h/day lower, with the use of these 
rigid shading components (Table 7.49). Despite the reduction in daylight levels indoors, the data 
presented in the tables suggests that the efficacy of the window shading elements examined varies, 
depending on the day being assessed. On November, December and January 15th, when the altitude 
angle of the sun around solar noon is about 60°, it is predicted that S1 and S2 will not lessen the frequency 
of visual discomfort in the room. Furthermore, on February 15th, it is predicted that both S1 will not lower 
the frequency of visual discomfort in the room. Yet, the illuminance levels in the room with S2, are within 
the acceptable range throughout February, March and April 15th, while there is only an hour of 
insufficient illuminance levels in the room with S3 on the latter two days. Notwithstanding, the data 
indicates that there is a significant correlation between the length of shading projections and the average 
FVD calculated (R = -0.9839, p = 0.0161) on the days during the dry season. There is also a significant 
negative correlation between the length of shading projections and the average AUC value calculated (R 
= -0.9868, p = 0.0132) on these days (Table 7.48).  
On July and August 15th, the average FVD calculated in the room with S3 is 33% lower, as compared to 
the room without shading components. The average AUC value calculated in the room with S3 is also 
5,157lux·h/day lower over these two days. Moreover, the uniformity ratio of illuminance in the room with 
S3 is only below 0.3 for one and two hours on July and August 15th respectively. There is a significant 
correlation between the length of shading projections and the average FVD calculated (R = -0.9768, p = 
0.0232) in the room on these days. Likewise, there is a significant correlation between the length of 
shading projections and the average AUC values (R = -0.9957, p = 0.0043) calculated in the room.  
RB3 BR 
The average FVD predicted in the bedroom in RB3 with S1 is 8% lower over the days assessed during the 
dry season, while S2 and S3 lessen the average FVD calculated by 50% and 51% respectively (Table 7.50). 
This represents, about six less hours of visual discomfort on these days. Furthermore, the average AUC 
values are 17,405lux·h/day to 29,661lux·h/day lower with the addition of these rigid shading components. 
As with the living room in RB2, the impact the shading components have on the FVD in the bedroom in 
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RB2 depends on the altitude angles of the sun on the days assessed (Tables 7.50 and 7.51). The results 
suggest that there are notable relationships between the length of shading projections and the FVD (R = 
-0.9483, p = 0.0517), as well as the average AUC (R = -0.9464, p = 0.0536). As expected, the 0.9m deep 
vertical and horizontal components of shading element 3 are capable of limiting the high amount of 
sunlight reaching the room through its south facing window in the morning and around midday; however, 
they are less effective at blocking out the sunlight reaching the window in the room around sunset. 
On July and August 15th, the average FVD calculated in the room with S3 is approximately 71% lower, 
representing about nine fewer hours of visual discomfort daily over these two days. The average AUC 
value predicted in the room with S3 is also 9,969lux·h/day lower over these days. At the same time, there 
is a notable connection between the length of shading projections and the average FVD calculated (R = -
0.9428, p = 0.0572). There is also a notable relationship between the length of shading and the average 
AUC value calculated (R = -0.9465, p = 0.0535).  
In general, the results suggest that the composite window shading elements effectively limit more 
daylight from reaching indoors than the façade shading components. However, as anticipated, the 
efficacy of the different sizes of composite window shading devices is influenced by the orientation of the 
path of the sun and the orientation of the window. Thus, the orientation of a room should have an 
influence on the type and projection of shading required.  As with the façade shading designs examined, 
it is difficult to limit the direct sunlight reaching the windows that are orientated east and west. The 
occurrences of visual discomfort in the rooms with FS2 (0.9m) and S2 (0.6m) around the easterly and 
westerly façade, can be characterised as ‘temporary’, but ‘intense’. Thus, using internal adjustable solar 
obstructors and filters, such as curtains and blinds, in addition with these fixed components should assist 
in reducing the intensity of visual discomfort around sunrise and sunset.  
The study is focused on improving the thermal and visual performance of residential buildings for low-
income groups in urban areas. Thus, it is important to consider the construction cost of the building 
elements that can be used to achieve better performance in such buildings, because the more expensive 
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passive design approaches are less likely to be implemented in affordable housing schemes. Compared 
to FS3 and S3, FS2 and S2 will be less expensive to be reproduced in future mass housing schemes.  
7.7 CONCLUSION 
The results from the analysis of the impact of the parametric variables on the thermal and visual 
performance of the cases presented in this chapter are summarised in tables 7.52 to 7.55. The results 
reveal that regardless of the form and façade configuration of the rooms, the orientation has the principal 
influence on the thermal and visual conditions in the room, particularly during the dry season. Hence, the 
building orientation and the layout of the rooms ought to be considered early in the design of future 
buildings in the region to try to optimise the living areas of the room facing north-west, while minimising 
the size of the easterly façade area.  
Table 7.52 Impact of selected parametric variations on the thermal and visual performance of the living room in RB7 
RB7 LR 
Dry season July and August 
Parameter FTD (%) Rank Parameter FTD (%) Rank 
Orientation 10.87 1 Orientation 8.67 1 
Fenestration factor 5.00 2 Fenestration factor 6.18* 4 
Wall thermal transmittance 2.40 3 Wall thermal transmittance 5.51* 3 
Roof thermal transmittance 0.48 4 Roof thermal transmittance 0.40* 4 
Parameter AUC (°C·h/day)  Parameter AUC (°C·h/day)  
Roof thermal transmittance 8.26 1 Orientation 0.83 1 
Orientation 6.32 2 Fenestration factor 0.57* 2 
Wall thermal transmittance 2.81 3 Wall thermal transmittance 0.43* 3 
Fenestration factor 0.88* 4 Roof thermal transmittance 0.03* 4 
Parameter FVD (%)  Parameter FVD (%)  
Orientation 19.44 1 Fenestration factor 37.50 1 
Fenestration factor 16.67 2 Orientation 0.00 2 
Parameter AUC (Lux·h/day)  Parameter AUC (Lux·h/day)  
Orientation 5366 1 Fenestration factor 762* 1 
Fenestration factor 186* 2 Orientation 6 2 
Note: * denotes instances where the parametric variations selected have a negative impact on predicted conditions 
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Table 7.53 Impact of selected parametric variations on the thermal and visual performance of the bedroom in RB8 
RB8 BR 
Dry season July and August 
Parameter FTD (%) Rank Parameter FTD (%) Rank 
Orientation 6.63 1 Fenestration factor 9.48 1 
Roof thermal transmittance 4.02 2 Orientation 9.08 2 
Window shading 3.59 3 Roof thermal transmittance 5.71 3 
Façade shading 3.21 4 Window shading 4.77 4 
Wall thermal transmittance 2.81 5 Wall thermal transmittance 1.55* 5 
Fenestration factor 1.54 6 Façade shading 1.55* 6 
Parameter AUC (°C·h/day)  Parameter AUC (°C·h/day)  
Orientation 9.07 1 Fenestration factor 1.89 1 
Roof thermal transmittance 6.10 2 Façade shading 1.12* 2 
Fenestration factor 5.35* 3 Orientation 0.85 3 
Window shading 5.17 4 Wall thermal transmittance 0.72* 4 
Façade shading 4.66* 5 Roof thermal transmittance 0.57 5 
Wall thermal transmittance 1.76 6 Window shading 0.41 6 
Parameter FVD (%)  Parameter FVD (%)  
Orientation 54.17 1 Window shading 58.33 1 
Window shading 19.44 2 Fenestration factor 25.00* 2 
Façade shading 19.44* 3 Façade shading 8.33 3 
Fenestration factor 16.67* 4 Orientation 0.00 4 
Parameter AUC (Lux·h/day)  Parameter AUC (Lux·h/day)  
Orientation 22051 1 Fenestration factor 8436* 1 
Window shading 12848 2 Window shading 4010 2 
Fenestration factor 12090* 3 Façade shading 1653 3 
Façade shading 6852 4 Orientation 23 4 
Note: * denotes instances where the parametric variations selected have a negative impact on the calculated values 
 
Table 7.54 Impact of selected parametric variations on the thermal and visual performance of the living room in RB2 
RB2 LR 
Dry season July and August 
Parameter FTD (%) Rank Parameter FTD (%) Rank 
Façade shading 6.46 1 Façade shading 2.49 1 
Window shading 4.38 2 Window shading 1.48 2 
Parameter AUC (°C·h/day)  Parameter AUC (°C·h/day)  
Façade shading 9.96 1 Façade shading 0.30 1 
Window shading 6.57 2 Window shading 0.17 2 
Parameter FVD (%)  Parameter FVD (%)  
Façade shading 70.83 1 Facade shading 33.33 - 
Window shading 59.72 2 Window shading 33.33 - 
Parameter AUC (Lux·h/day)  Parameter AUC (Lux·h/day)  
Façade shading 23029 1 Window shading 5157 1 
Window shading 22469 2 Façade shading 4927 2 
Note: * denotes instances where the parametric variations selected have a negative impact on the calculated 
values 
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Table 7.55 Impact of selected parametric variations on the thermal and visual performance of the bedroom in RB3 
RB3 BR 
Dry season July and August 
Parameter FTD (%) Rank Parameter FTD (%) Rank 
Façade shading 4.79 1 Window shading 2.42 1 
Window shading 4.44 2 Façade shading 2.15 2 
Parameter AUC (°C·h/day)  Parameter AUC (°C·h/day)  
Façade shading 6.34 1 Window shading 0.32 1 
Window shading 6.00 2 Façade shading 0.30 2 
Parameter FVD (%)  Parameter FVD (%)  
Window shading 55.56 1 Window shading 70.83 1 
Façade shading 52.78 2 Façade shading 37.50 2 
Parameter AUC (Lux·h/day)  Parameter AUC (Lux·h/day)  
Window shading 29661 1 Window shading 9969 1 
Façade shading 24493 2 Façade shading 7611 2 
Note: * denotes instances where the parametric variations selected have a negative impact on the calculated 
values 
 
The findings also suggest that the impact of the fenestration factor on the thermal and visual conditions 
in rooms in residential buildings in Abuja is greatly dependant on other building design characteristics, 
such as the presence of shading elements and the percentage of the window area that can be opened to 
facilitate ventilation. Although the current building codes specify a minimum fenestration factor and 
openable window area to floor area ratio; in order to truly improve the performance of residential 
buildings in the regions these other parameters have to be associated with any future recommendations.  
The impact of insulating the roofs and walls of the buildings on the thermal conditions indoors seems to 
vary, depending on the time of year as well as other design characteristics. Yet, based on the analysis 
carried out in this chapter, it is important to note that insulating the roof is the most favourable option 
for reducing the intensity of thermal discomfort during the last three months of the dry season, which 
are typically the hottest three months in the region.  
In general, the uses of shading elements are likely to reduce the frequency and intensity of thermal and 
visual discomfort in the rooms examined. Façade shading elements, such as balconies and porches, have 
been used for time immemorial in residential building design in Nigeria. However, the façade shading 
elements tested do not effectively reduce the amount of solar radiation reaching the easterly and 
westerly façade of buildings examined. The window shading components tested are more likely to reduce 
the amount of sunlight reaching rooms through windows on the easterly and westerly façade. 
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Nevertheless, it appears that flexible shading devices will often be required to limit the occurrence of high 
illuminance levels around sunset and sunrise in rooms with windows on the easterly and westerly facade.   
The data in tables 7.52 to 7.55 presented illustrate how different design approaches might be required 
to improve the thermal and visual conditions in different rooms depending on their form and layout, as 
well as the seasonal climatic variations. This information can be used to determine the best approach for 
limiting thermal and visual discomfort. For instance, the information in table 7.53 suggests that the three 
parameters that have the most considerable impact on the frequency and intensity of thermal discomfort 
in the bedroom in RB8 during the dry season, include ‘the orientation’, ‘the u-value of the roof’ and ‘the 
shading of the openings’ in the room.   
A further phase of analysis was conducted to assess the impact of adjusting these parameters to improve 
the thermal and daylighting conditions in the room. The main window wall was orientated north-west, 
the roof u-value wall adjusted to 0.08 W/m2K, and composite window shading elements were positioned 
around both windows in the room. Additionally, the opening schedule was changed to simulate the 
windows being opened from 7 pm to 7 am, as long as the operative temperatures in the room were above 
the lower limits of acceptable temperatures in order to facilitate night time cooling (Figure 7.47). With 
these changes, the classification of the predicted thermal conditions in the room during the dry season 
changed from ‘frequent and intense discomfort’ to ‘light and temporary discomfort’ (Figure 7.48). 
Furthermore, the classification of the predicted visual conditions in the room during the dry season 
changed from ‘temporary, but intense discomfort’ to ‘light and temporary discomfort’ (Figure 7.49). 
 
 
 
 
 Figure 7.47 Improved model of RB8 with altered daily window opening profile 
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Figure 7.48 Classification of thermal conditions in the bedroom in RB8 (red) and with parametric improvements (blue) 
during the dry season and in July and August 
Figure 7.49 Classification of visual conditions in the bedroom in RB8 (red) and with parametric improvements (blue) 
during the dry season and in July and August 
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CHAPTER 8 - CONCLUSIONS 
8.1 INTRODUCTION 
There are three main considerations that should influence the architectural design in a region. These 
include the people and their needs; the climate; and the materials and means of building (Fry & Drew, 
1964). Over the past six decades a tremendous amount of changes have occurred in Nigeria and Africa in 
general, especially in terms of the aspirations of the people and the building technology that is available. 
As opposed to living in rural settlements with small earth buildings and open farm land, more people live 
in multi-storied concrete buildings in densely populated cities. Furthermore, with the increasing exposure 
to foreign cultures more Nigerians have desires of living in a building with a ‘modern’ edifice or aspire to 
live in replicas of Palladian villas. That said, climatic changes are set to occur in the region over the next 
fifty years and the cost of energy continues to rise. There is also an increasing awareness of the impact of 
conventional energy sources, especially the use of fossil fuels, on the environment. Thus, modifying the 
trends in contemporary residential building design might be the most important change that will needs 
to be made in the region in the near future in order for residents to attain the required level of comfort 
in their homes.  
Developing an appropriate architectural design approach can be difficult because most of the 
expectations of how the building will perform are unknown until it is actually built.  With regards to 
developing a modern architectural style for the tropics, Maxwell Fry and Jane Drew intimated: 
“We have never known in a life devoted to architecture that people of any class or race knew 
exactly what it was they wanted of a building until it was done for them, when for a certainty they 
knew what they did not want, or how far the building fell below what they thought they had 
wanted” (Fry & Drew, 1964, pp. 21-22) 
Nevertheless, over recent decades advancements have been made in the three dimensional modelling of 
buildings, and the performance modelling of buildings. It is now possible to explore the performance of 
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existing buildings and the possibilities of improving the performance of future buildings thereby 
determining the approaches to design that are likely to have a positive impact on their internal conditions.  
The focus of this research is the investigation of the thermal and daylighting performance of residential 
buildings in Abuja and the impact of specific design parameters on occupants’ comfort.  This research 
focus is undertaken as a means of proffering a set of recommendations for the development of future 
residential buildings. 
8.2 SUMMARY 
A summary of the key findings resulting from the analysis of the case study buildings in this work is 
presented below: 
1. The variation in the weather conditions between the dry season (November to April) and rainy 
season (May to October), especially with regards to the altitude angle of the sun, solar radiation 
and cloud cover, have a predominant influence on the thermal and visual performance of the 
buildings in the region.  
The high temperatures experienced in the case study building during the dry season are a 
consequence of the high levels of solar radiation and the fact that there is very little cloud cover. 
Notwithstanding during these six months the levels of relative humidity in Abuja are low. The 
levels of relative humidity are above 75% for less than 12% of the time during the season. 
Moreover, these brief spells of high relative humidity levels occur in the morning when the 
outdoor temperatures are low. Therefore, the overheating that occurs indoors during this season 
and the resulting thermal discomfort is not heightened by high relative humidity levels. 
During the rainy season the levels of relative humidity levels are above 75% for about 37% of the 
time. However, the increased level of cloud cover and the lower temperatures during this season 
create thermal conditions indoors that are more favourable. The outdoor dry-bulb temperatures 
are above 28°C for only about 22% of the time during the rainy season. Hence, there are fewer 
hours of thermal discomfort calculated in the dwellings assessed during these months.   
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The sky conditions that occur during the dry season also influence the visual conditions indoors. 
Due to the clear sky conditions the altitude and azimuth angle of the sun have a greater influence 
on the frequency and intensity of visual discomfort in the rooms assessed, during the dry season 
as compared to the rainy season. The azimuth angle of the sun in relation to the orientation of 
the windows in the rooms also determines the time of day the rooms are likely to experience 
high illuminance levels. In the rooms that have openings that are orientated east and west the 
levels of illuminance around sunrise and sunset (when the sun is also at a low azimuth angle) is 
as high as 9,000 to 12,000lux. The limited cloud cover also leads to less diffused sky light, 
therefore, the direct beam of sunlight can be easily obstructed by external structures and shading 
components during the season.  
More diffused natural light reaches the buildings during the rainy season. Consequently, the 
altitude and azimuth angle of the sun have relatively less impact on the frequency and intensity 
of visual discomfort during this season (especially from June to August) as compared to the dry 
season.  
2. With regards to the buildings themselves, the thermal and visual performance of the rooms 
assessed are primarily influenced by the orientation of the main facade areas and window areas. 
While for high latitude regions the overheating period is the summer, in Abuja, this period usually 
occurs every afternoon and more so during the dry season. Although the sun moves across from 
the south to north of the city during the year, the daily movement of the sun from east to west 
has a significant impact on the solar radiation reaching the rooms assessed. More sunlight 
typically reaches the east and west facade of buildings in the region. The high solar gain received 
in the morning by rooms with significant wall and/or window areas orientated east seems to 
have an effect on how quickly the operative temperatures in the rooms rise above the upper 
limits of acceptability. Consequently, the high operative temperatures in the morning, combined 
with the high operative temperatures around midday (when the outdoor temperatures are 
typically around their maximum levels), can contribute to a higher frequency of thermal 
discomfort in the rooms.  
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Likewise, the rooms with window areas orientated east and west also receive high levels of 
sunlight in the morning and late afternoon, especially during the dry season. Moreover, the 
results from the analysis of the case studies indicate that if the main windows of the rooms face 
east, they might not receive enough daylight when the sun is at an azimuth angle in the west and 
vis versa. 
3. The size of the external wall area that is exposed to solar radiation influenced the level of thermal 
discomfort experienced in the rooms.  However, having a small external wall area, for a large 
room in particular, limited the potential for cooling resulting cross ventilation and night-time 
heat dispersion from the room. These two means of cooling a room are particularly important 
during the dry season when the midday temperatures in Abuja are extremely high.  
4. The size of the window area has an influence on both the operative temperatures and 
illuminance levels predicted in the rooms, but ultimately the orientation of the windows plays a 
more significant role in determining the frequency and intensity of thermal and visual discomfort. 
It was found that with similar sizes of window areas orientated north and south for different 
rooms, the rooms with the window area orientated north performed better, especially during 
the dry season. 
5. The orientation of the windows in the rooms also takes precedence over the impact of the 
fenestration factor. That said, the results revealed that a high openable window area to floor 
area ratio was favourable for cooling indoors, particularly during the last three months of the dry 
season.  
6. Solar radiation absorbed through windows is a primary cause of overheating in buildings in the 
region, yet, it was found that most of the buildings assessed did not make use of shading 
components to limit the solar gain through the windows but used these components as aesthetic 
elements. As with other parameters the effectiveness of shading elements depends on the 
orientation of the room. Rigid horizontal shading elements do not sufficiently limit the amount 
of solar radiation reaching east and west facing rooms. 
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7. Despite more records of the climatic conditions of the city becoming available since the mid-
1990s and the increasing interest in climate conscious architecture over the last few decades, 
there is no evidence to suggest that the public residential buildings constructed between 1997 
and 2012 perform better than those constructed in the 1980s and early 1990s.  
The investigation of the impact of design parameters on the thermal and visual performance of the 
buildings lead to the identification of five key parameter that can be altered or included in the design of 
similar residential buildings in the future to improve their thermal and visual conditions. These 
parameters include, the room orientation, the fenestration factor, the thermal transmittance of the 
building fabric, as well as the use of shading elements. 
The impact of making variations to these parameters on the thermal and visual performance in four 
rooms was analysed in order to determine more effective means of improving the performance of future 
building. This analysis was carried out for the dry season (November to April) and two months in the 
middle of the rainy season (July and August). A summary of the key findings from the additional stage of 
analysis is given below: 
1. Regardless of the façade configuration, it was found that orientating the main façade area of a 
room north-west limits the amount of solar radiation reaching the room in the morning and 
around midday during the dry season. Although more solar radiation reaches north-facing 
facades during the rainy season, by orientating the main façade north-west less direct solar 
radiation will reach the façade in the morning. Moreover, the outdoor temperatures during the 
rainy season are relatively lower as compared to the temperatures during the dry season. 
Orientating the main window areas of a room north-west also has a positive impact on the 
frequency and intensity of visual discomfort, but it might lead to low illuminance levels in the 
morning (when the sun is at an angle in the east), particularly during the dry season.  
2. It was found that having larger fenestration factors might not have a significant impact on the 
thermal and visual conditions in rooms with window areas that are adequately shaded by rigid 
shading elements. However, with unshaded window areas a fenestration factor around the 10% 
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minimum that is recommended in the national building code reduces the level of solar gain in 
the room, thereby limiting the occurrence of overheating and high illuminance levels. 
Notwithstanding, having a smaller total window area will ultimately influence the size of the total 
openable window area and hinders the positive contribution of cross ventilation to cooling the 
room. 
3. Insulating the roof of the buildings is the most effective option for reducing the intensity of 
thermal discomfort during the last three months of the dry season when the sun is at altitude 
angles almost overhead in Abuja around midday. Whereas this is only about a quarter of the 
annual period, it is the hottest quarter of the year. Hence, insulating the roof of residential 
buildings should be considered in the design of future buildings. It was also found that having a 
roof insulated with 100mm Polyurethane rigid foam insulation (with a u-value of 0.22W/m2K) or 
with 300mm Polyurethane rigid foam insulation (with a u-value of 0.08W/m2K) had a similar 
impact on the thermal conditions indoors. Thus, indicating that the layer of insulating material 
required in the roof to improve the thermal conditions indoors does not have to be very thick.  
4. The uses of shading elements are likely to reduce the frequency and intensity of thermal and 
visual discomfort in buildings in the region. Nevertheless, the façade shading elements tested do 
not appear to effectively reduce the amount of solar radiation reaching the easterly and westerly 
facade of buildings.  
5. The window shading components tested are more likely to reduce the amount of sunlight 
reaching rooms through windows on the easterly and westerly façade. That said, flexible shading 
devices will be required to limit the occurrence of high illuminance levels around sunset and 
sunrise in rooms with windows on the easterly and westerly façade in Abuja.   
6. A further phase of analysis was conducted to assess the impact of adjusting the parameters 
discussed above on the thermal and daylighting conditions in the bedroom in RB8. The main 
window wall was orientated north-west, the roof u-value wall adjusted to 0.08 W/m2K, and 
composite window shading elements were positioned around both windows in the room. 
Additionally, the opening schedule for the windows was changed to simulate them being opened 
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from 7 pm to 7 am, as long as the operative temperatures in the room were above the lower 
limits of acceptable temperatures; in order to facilitate night-time cooling. With these changes, 
the classification of the predicted thermal conditions in the room during the dry season changed 
from ‘frequent and intense discomfort’ to ‘light and temporary discomfort’ (Figure 8.1). 
Furthermore, the classification of the predicted visual conditions in the room during the dry 
season changed from ‘temporary, but intense discomfort’ to ‘light and temporary discomfort’. 
The proposed passive design measures examined in the analysis confirmed that it is possible to 
use a combination of parametric alterations to reduce the frequency of thermal and visual 
discomfort by about 25% and 45% respectively. These enhancements can also reduce the 
intensity of thermal and visual discomfort (calculated using the AUC) by about 25°C·h/day and 
13,750lux·h/day.  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1 Classification of the thermal and the visual conditions in the bedroom in RB8 (red) and with parametric 
improvements (blue) during the dry season and in July and August 
Chapter eight 
 
Page 364 of 431 
 
8.3 RECOMMENDATIONS 
For much of Nigeria’s history the architectural landscape was defined by the climate because there was 
no access to electricity. As a result variations can be identified between the traditional buildings in 
different regions in the country and most of these variations were as much of a response to the climate 
of the region as the culture of the communities in these regions. The advent of the use of electrical energy 
in dwellings in Nigeria at the beginning of the 20th Century  and increase in public housing production in 
the mid-20th Century have increasingly lead to design practices that are not energy efficient. From the 
investigation carried out in this study, it is apparent that the architectural landscape in Abuja, is 
dominated by buildings that would often be thermally and visually uncomfortable without the use of 
mechanical cooling and artificial lighting systems. Moreover, the guidelines for providing thermal comfort 
and adequate natural lighting given in the national building codes of Nigeria are limited.  
The analysis of the thermal and visual performance of residential building prototypes in Abuja carried out 
in this study suggested some design recommendations that would significantly improve occupants’ 
comfort in future dwellings. 
1. Despite the fact that the orientation of the building might be restricted by the site layout, it is 
recommended to consider the buildings orientation. Early design choices made with regards to 
orientation to improve the performance of the building will be inexpensive, therefore:  
• Designers should be encouraged to consider the layout of spaces within dwellings to 
limit the amount of solar radiation reaching the rooms that are frequently occupied. 3 
• The openings in rooms that are orientated south and north should be shaded by rigid 
shading elements, while the size and amount of openings on west and east facing 
elevations should be limited.   
2. The current standard for the minimum openable window area to total floor area (5%) and total 
window area to total floor area (10%) specified in the national building code (FRN, 2006) needs 
to be reconsidered for the different sub-regions of Nigeria. The consideration of the size of the 
window area in relation to the floor area should take into account the following: 
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• The orientation of the windows in a room will have an impact on the amount of solar 
radiation reaching the room, especially under clear sky condition. 
• Different regions in Nigeria require varying balance between creating the appropriate 
opening sizes for adequate cross ventilation/lighting and limiting solar gain indoors. 
• Given that the desire for thermal comfort in the region surpasses the need for adequate 
daylighting, especially in dwellings, the standards for the minimum total window area 
size should reflect the trade-off that is required. Thus, the use of window types that 
allow a greater area to be openable without extending the total area of the window is 
recommended for improving cross ventilation in a room and limiting the possibility of 
overheating due to solar gain.   
3. The roofs of residential buildings in Abuja should be insulated with 100mm polyurethane rigid 
foam in order to increase their u-value and limit the heat transmitted into the rooms on the top 
floor.  
4. The way shading elements are considered in design needs to be shifted towards effective shading 
of façade and window area based on the climate and orientation, hence: 
•  The required projection of rigid shading elements on the north and south facade of 
buildings should be associated with the highest altitude angle of the sun in the south 
and north during the year. While the highest altitude angle of the sun in the south and 
north in Abuja are about 57° and 75° respectively. These values will be different in lower 
and higher latitude areas of Nigeria.  
• Future studies should explore the possibility of using other flexible and fixed shading 
components to limit the amount of solar radiation reaching easterly and westerly facade 
areas in buildings.  
• With regards to shading, a system of trade-off between the requirements for cooling 
and the need for daylighting should be established for future residential building 
developments in the region, in order to limit the amount of energy consumed by 
artificial lighting as well as air-conditioning units.  
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5. Although orientation has a predominant impact on the thermal and visual performance of a 
residential buildings, no individual parametric change should be used without consideration of 
the other factors and parameters discussed above.  
6. Occupants of residential buildings might also be required to make behavioural changes in order 
to adapt their internal environment in response to the seasonal and diurnal weather variations.  
The review of the factors discussed in Chapter two is helpful for deducing the type of recommendations 
for improving building design that can be realistically implemented, based on the social and economic 
context of the study. The design measures considered in the research are relatively inexpensive and do 
not require complex technological means or method for their inclusion in the construction of future 
residential buildings. That said, further research is required to investigate more ways of passively 
achieving higher levels of thermal and visual comfort in residential buildings. It is also vital to consider 
other aspects of indoor comfort including the air quality and acoustic comfort in residential buildings in 
the region. Other specific areas for further work are as follows: 
1. Investigation to quantify the effectiveness of applying the proposed combination of passive 
design measures across the rest of the regions in Nigeria.  
2. Given the importance of ventilation for achieving thermal comfort, computer fluid dynamics 
analysis is required to further investigate the thermal performance of residential buildings in the 
region. 
3. A range of acceptable temperatures and average illuminance levels was determined using the 
ASHRAE adaptive thermal comfort model and the IESNA lighting recommendations. 
Notwithstanding, developing a new version of such methods for the Nigeria is essential in order 
to evaluate the indoor environmental quality and develop a more detailed understanding of how 
to improve the design and performance of future residential buildings in the region.   
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APPENDIX 1: ETHICAL REVIEW APPROVAL DOCUMENTATION (FO: 07/14 -0081) 
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APPENDIX 2: DETAILED DESCRIPTION AND ARCHITECTURAL DRAWINGS OF CASE STUDY 
BUILDINGS 
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CASE STUDY BUILDING 1 (RB1) 
Case study building 1 is a 4 storey block of flats in zone 5, Wuse I. The building was constructed in 1983 
as part of the city’s accelerated districts development for FCDA staff. It is 1 of 5 identical residential 
buildings in the neighbourhood, each consisting of 24 single bedroom flats. The building has a rectangular 
form. The longer facades are orientated North and South with the windows for the living room and 
bedroom on the North façade. The building walls consist of 150mm thick precast concrete panels with 
10mm cement plaster finish on the inner and outer surface. The ground floor is formed of concrete cast 
on site (in-situ) while the suspended floors are composed of 150mm precast concrete panels. The roof 
consists of corrugated aluminium sheets on steel rafters and purlins.  
The window initially had wooden frames with toughened glass louvers and wooden doors. However over 
time most of the residents replaced these windows with powder coated aluminium and polyvinyl chloride 
(PVC) framed sliding and side hung windows. 
Table 1. General building description and illustration for case study building 1 
Building ID RB1 D.O.C 1983 Notes:  Main façade of the building is orientated 180° 
from North through East. 1 of 5 identical buildings in 
the area (120 houses) 
Building type Block of flats Phase 1 
District Wuse I Orientation S 
B
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 Total floor area (m2) 1568 
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 Material U-value 
(W/m2K) 
Perimeter (m) 114 Wall 150mm precast concrete wall 3.029 
Internal volume (m3) 5024 Glazing 0.4mm clear glass  5.224 
Surface area (m2) 2200 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio  0.44 Other floors 150mm solid concrete slabs with 
plaster ceiling underneath 
2.380 
Number of floors 4 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
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Front elevation 
 
 
 
 Third-floor plan 
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Living room Bedroom 
Floor Area (m2) 21.1 Floor Area (m2) 14.7 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 6.30 Depth (m) 3.30 
Width (m) 3.40 Width (m) 4.50 
Volume (m3) 56.7 Volume (m3) 39.6 
Surface area (m2) 13.2 Surface area (m2) 23.4 
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CASE STUDY BUILDING 2 (RB2) 
Case study building 2 is a 4 storey block of flats in the same neighbourhood as case study building 1. The 
building is 1 of 3 identical blocks in the neighbourhood. It consists of 24, 2 bedroom flats and also has a 
rectangular shape with longer facades orientated North and South. The Living rooms and bedrooms in 
each flat have a window on the South and North façade. Case study building 2 was constructed in 1983 
as part of the same scheme as case study building 1, thus the building was produced  using  the same 
envelope construction methods and materials as case study building 1. 
Table 2. General building description and illustration for case study building 2 
Building ID RB2 D.O.C 1983 Notes:  Main façade of the building is orientated 180° 
from North through East. 1 of 3 identical buildings in 
the area (72 houses) 
Building type Block of flats Phase 1 
District Wuse I Orientation S 
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 Total floor area (m2) 2160 
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 Material U-value 
(W/m2K) 
Perimeter (m) 128 Wall 150mm precast concrete wall slabs 3.029 
Internal volume (m3) 6971 Glazing Clear glass  5.224 
Surface area (m2) 2679 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.38 Other floors 150mm solid concrete slabs with 
plaster ceiling underneath 
2.380 
Number of floors 4 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
B
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Front elevation 
 
 Third floor plan 
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Living room Bedroom 
Floor Area (m2) 21.4 Floor Area (m2) 10.9 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 5.80 Depth (m) 3.65 
Width (m) 4.35 Width (m) 3.20 
Volume (m3) 54.5 Volume (m3) 27.7 
Surface area (m2) 34.2 Surface area (m2) 23.4 
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CASE STUDY BUILDING 3 (RB3) 
Case study building 3 is a two storey mixed use dwelling in Garki II district, which was constructed in 1995. 
The building consists of a small convenience store and 4 flats. It has 1, single bedroom flat on the ground 
floor and one studio flat and two, one bedroom flats on the first floor. The building has a rectangular 
shape with longer facades orientated north and south. The Living rooms in the 1 bedroom flats have 
windows on the North facade while the bedrooms have windows on the South façade. On the other hand, 
there are two East facing windows in the studio flat and 1 on the north façade. The external and partition 
walls of the building are made of 225x225x450 sandcrete blocks with 10mm of cement-sand rendering 
on both the inner and outer wall surfaces. The ground flooring consists of 150mm thick layer of concrete 
poured over aggregate stones on compacted laterite filling. The suspended floor is constructed of steel 
reinforced concrete cast in-situ while the roof consists of corrugated aluminium sheets on timber rafters 
and purlins. Both the ceilings on the ground and first floor have a gypsum plasterboard finish. All the 
rooms in the building have powder coated aluminium frame sliding windows and 4mm single pane clear 
glass. The internal doors are made of timber while the external are made of steel. 
Table 3. General building description and illustration for case study building 3 
Building ID RB3 D.O.C 1995 Notes:  Main façade of the building is 
orientated 0° from North through East. 5 flats Building type Multi-family Phase 1 
District Garki II Orientation N 
B
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e
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e
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 Total floor area (m2) 156 
B
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d
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g
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a
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a
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 Material U-value 
(W/m2K) 
Perimeter (m) 38 Wall 150mm precast concrete wall slabs 2.148 
Internal volume (m3) 510 Glazing Clear glass  5.224 
Surface area (m2) 396 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.78 Other floors 150mm solid concrete slabs with plaster 
ceiling underneath 
2.380 
Number of floors 2 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
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Front elevation  First-floor plan 
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Living room Bedroom 
Floor Area (m2) 9.00 Floor Area (m2) 9.00 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 2.70 Depth (m) 2.70 
Width (m) 3.40 Width (m) 3.40 
Volume (m3) 22.9 Volume (m3) 22.9 
Surface area (m2) 18.3 Surface area (m2) 18.3 
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CASE STUDY BUILDING 4 (RB4) 
The building, which is a 3 storey block of flat, is located in gated neighbourhood in Garki II.  5. It is 1 of 30 
identical residential buildings in the neighbourhood, each consisting of 6, 2 bedroom flats. The building 
has a rectangular shape with longer facades orientated north-west and south-east. The Living rooms and 
bedrooms in each flat have windows on the South-east and North-west façade. The external walls and 
some the partition walls of the building are made of 225x225x450 sandcrete blocks while the partition 
walls around the bathroom and toilet are made of 150x225x450mm sandcrete blocks. All the walls have 
10mm cement-sand rendering on both the inner and outer surfaces. The ground floor is composed of 
150mm thick layer of concrete poured over 300mm aggregate stones on compacted laterite filling. The 
suspended floors are constructed of reinforced concrete, cast in-situ while the roof consists of corrugated 
aluminium sheets on timber rafters and purlins. The ceilings on all the floors have a gypsum plasterboard 
finish. The building was initially constructed with timber frame side hung windows with single window 
panes. However, most of the residents have replaced these windows with powder coated aluminium 
frame sliding windows, with 4mm single pane clear or tinted glass. 
Table 4. General building description and illustration for case study building 4 
Building ID RB4 D.O.C 1996 Notes:  Main façade of the building is orientated 140° from 
North through East. 1 of 30 identical buildings in the area 
(180 houses) 
Building type Block of flats Phase 1 
District Garki II Orientation SE 
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 Total floor area (m2) 696 
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 Material U-value 
(W/m2K) 
Perimeter (m) 74 Wall 225mm sandcrete block 2.148 
Internal volume (m3) 2262 Glazing Clear glass  5.224 
Surface area (m2) 1162 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.52 Other floors 150mm solid concrete slabs with 
plaster ceiling underneath 
2.380 
Number of floors 3 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
B
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Front elevation  Second-floor plan 
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Living room Bedroom 
Floor Area (m2) 19.9 Floor Area (m2) 14.1 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 3.60 Depth (m) 3.60 
Width (m) 5.80 Width (m) 4.20 
Volume (m3) 53.6 Volume (m3) 37.9 
Surface area (m2) 24.9 Surface area (m2) 24.9 
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CASE STUDY BUILDING 5 (RB5) 
Case study building 5 is a bungalow in a gated neighbourhood in Gwarinpa. The building, which was 
constructed in 2001, consists of 2 identical semi-detached, 1 bedroom flats. The building has a 
rectangular form. The longer facades are orientated North and South. The living room of the selected 
house has windows on the South and East façade while the bedroom has windows on the North and 
East façade. The external and partition walls of the building are made of 225x225x450 sandcrete 
blocks with 10mm of cement-sand rendering on both the inner and outer wall surfaces. The ground 
floor is formed of 150mm thick layer of concrete poured over aggregate stones on compacted 
laterite filling. The roof construction consists of corrugated aluminium sheets on timber rafters and 
purlins. The building has suspended ceilings made of 450mm tile gypsum plasterboards. The building 
has powder coated aluminium frame sliding windows, with 4mm single pane clear glass. 
Table 5. General building description and illustration for case study building 5 
Building ID RB5 D.O.C 2001 Notes:  Main façade of the building is 
orientated 180° from North through East. “ 
identical semi-detached houses 
Building type Semi-detached Phase 3 
District Gwarinpa Orientation S 
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 Total floor area (m2) 126 
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 Material U-value 
(W/m2K) 
Perimeter (m) 46 Wall 225mm sandcrete block 2.148 
Internal volume (m3) 482 Glazing Clear glass  5.224 
Surface area (m2) 408 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.85 Other floors 150mm solid concrete slabs with 
plaster ceiling underneath 
2.380 
Number of floors 1 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
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Front elevation  Ground floor plan 
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Living room Bedroom 
Floor Area (m2) 15.1 Floor Area (m2) 11.9 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 3.95 Depth (m) 3.15 
Width (m) 3.95 Width (m) 3.95 
Volume (m3) 38.4 Volume (m3) 30.3 
Surface area (m2) 23.0 Surface area (m2) 22.0 
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CASE STUDY BUILDING 6 (RB6) 
Case study building 6 is a 3 storey block of flats in the prototype housing scheme developed by the Federal 
Ministry of Land Housing and Urban Development (Federal Ministry of Land Housing and Urban 
Development [FMLHUD]) in the Gaduwa district area. The building is 1 of 27 identical blocks of flats in the 
neighbourhood which were constructed in 2003. The building consists of 6, 2 bedroom flats.  The building 
has a rectangular form, with the longer facades orientated North-west and South-east. The living room 
of the selected house has a window on the North-west facade. One of the rooms has a window on the 
North-west façade while the other has a window facing South-east, and both bedrooms have additional 
windows facing North-east. The external and partition walls of the building are made of 225x225x450 
sandcrete blocks with 10mm of cement-sand rendering on both the inner and outer wall surfaces. The 
ground floor is formed of 150mm thick layer of concrete poured over aggregate stones on compacted 
laterite filling, while the suspended floors are constructed of 150mm reinforced concrete, cast in-situ.  
Table 6. General building description and illustration for case study building 6 
Building ID RB6 D.O.C 2005 Notes:  Main façade of the building is orientated 
315° from North through East. 1 of 27 identical 
buildings in the area (162 houses) 
Building type Block of flats Phase 2 
District Gaduwa Orientation NW 
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 Total floor area (m2) 693 
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 Material U-value 
(W/m2K) 
Perimeter (m) 64 Wall 225mm sandcrete block 2.148 
Internal volume (m3) 2278 Glazing Clear glass  5.224 
Surface area (m2) 1064 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.47 Other floors 150mm solid concrete slabs with plaster 
ceiling underneath 
2.380 
Number of floors 3 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
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Front elevation Second-floor plan 
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Living room Bedroom 
Floor Area (m2) 32.5 Floor Area (m2) 14.5 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 9.50 Depth (m) 3.88 
Width (m) 4.35 Width (m) 4.35 
Volume (m3) 87.7 Volume (m3) 39.3 
Surface area (m2) 20.2 Surface area (m2) 25.5 
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CASE STUDY BUILDING 7 (RB7) 
Case study building 7 is a 3 storey block of flats which is also located in the same quarters as case study 
building 6. The building is 1 of 46 identical blocks of flats in the neighbourhood. It was constructed in 2003 
and consists of 6, 3 bedroom flats.  The building has a rectangular form, with the longer facades orientated 
North-east and South-west. The living room of the selected house has a North-east facing window. The 
rooms have windows facing North-east, South-east and South-west. Case study building 6,7 and 8 are all 
part of the same housing scheme and as a result all 3 buildings have been developed using similar 
construction methods and building materials. 
Table 8. General building description and illustration for case study building 7 
Building ID RB7 D.O.C 2005 Notes:  Main façade of the building is orientated 30° from 
North through East. 1 of 46 identical buildings in the area 
(276 houses) 
Building type Block of flats Phase 2 
District Gaduwa Orientation NE 
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 Total floor area (m2) 1089 
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 Material U-value 
(W/m2K) 
Perimeter (m) 88 Wall 225mm sandcrete block 2.148 
Internal volume (m3) 3223 Glazing Clear glass  5.224 
Surface area (m2) 1455 Ground 
floor 
150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.45 Other 
floors 
150mm solid concrete slabs with plaster 
ceiling underneath 
2.380 
Number of floors 3 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
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Front elevation  Second-floor plan 
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Living room Bedroom 
Floor Area (m2) 37.8 Floor Area (m2) 29.2 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 9.50 Depth (m) 4.60 
Width (m) 4.95 Width (m) 7.95 
Volume (m3) 102 Volume (m3) 78.4 
Surface area (m2) 23.9 Surface area (m2) 32.5 
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CASE STUDY BUILDING 8 (RB8) 
Case study building 8, which is also located in the same quarters as case study building 6 and 7, was 
originally designed as a 4 bedroom detached duplex with a garage. It was 1 of 62 identical detached 
residential buildings in the neighbourhood. However, it was then converted into a tenement building 
(multi-family dwelling) with 5 separate units and a shared kitchen and 2 communal rooms. The building 
has an almost square floor area, with the front façade facing slightly North of West. The units, which 
consist of a single room area and en-suite bathroom, have windows facing North, South, East, and West. 
In terms, of the construction the building has a building envelope similar to case study building 6 and 7; 
however additional partitions have been formed with 150x225x450 sandcrete blocks with 10mm of 
cement-sand render.  
Table 8. General building description and illustration for case study building 8 
Buiding ID RB8 D.O.C 2005 Notes:  Main façade of the building is orientated 300° from 
North through East. 1 of 62 identical buildings in the area  Building type Multi-family Phase 2 
District Wuse I Orientation NW 
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 Total floor area (m2) 364 
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 Material U-value 
(W/m2K) 
Perimeter (m) 54 Wall 225mm sandcrete block 2.148 
Internal volume (m3) 1339 Glazing Clear glass  5.224 
Surface area (m2) 772 Ground floor 150mm solid concrete on compacted 
laterite and hardcore 
0.936 
Compactness ratio 0.54 Other floors 150mm solid concrete slabs with plaster 
ceiling underneath 
2.380 
Number of floors 2 Roof Aluminium clad gable roof with 
plasterboard ceiling 
3.788 
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Front elevation  First-floor plan 
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Living room Bedroom 
Floor Area (m2) 25.4 Floor Area (m2) 23.4 
Height (m) 2.70 Height (m) 2.70 
Depth (m) 4.20 Depth (m) 4.70 
Width (m) 5.60 Width (m) 5.30 
Volume (m3) 71.9 Volume (m3) 66.4 
Surface area (m2) 32.7 Surface area (m2) 31.6 
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APPENDIX 3: TABLES ILLUSTRATING THE PREDICTED THERMAL AND VISUAL CONDITIONS IN 
EACH CASE STUDY BUILDING 
 
 Acceptability  
limits 
Case study building 1 (RB1) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 28.9 30.9 27.6 7 29.1 31.3 27.1 10 
DEC 29.3 22.3 29.4 32.0 27.6 12 29.3 31.9 26.8 12 
JAN 29.6 22.6 29.8 32.3 28.4 11 29.8 32.5 27.8 10 
FEB 30.5 23.5 31.3 33.2 29.5 14 31.9 34.0 29.7 18 
MAR 31.1 24.1 33.0 35.1 31.3 24 34.3 36.2 32.4 24 
APR 30.6 23.6 31.6 34.2 29.9 17 32.2 35.0 29.5 19 
MAY 29.8 22.8 29.7 31.6 28.5 11 30.0 32.1 28.3 13 
JUN 29.7 22.7 28.2 29.8 27.5 1 28.4 30.0 27.7 2 
JUL 29.0 22.0 27.6 28.7 26.7 0 27.3 28.7 26.0 0 
AUG 28.7 21.7 27.9 28.7 27.0 2 27.8 29.1 26.4 5 
SEP 29.0 22.0 28.0 28.7 27.3 0 28.3 29.6 26.8 7 
OCT 29.2 22.2 27.9 29.4 26.8 2 27.7 29.6 26.1 4 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 2 (RB2) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 29.5 33.3 26.9 10 29.1 32.2 26.6 10 
DEC 29.3 22.3 30.1 34.6 26.6 13 29.5 33.0 26.2 12 
JAN 29.6 22.6 30.8 35.2 27.9 13 30.0 33.5 27.3 10 
FEB 30.5 23.5 32.1 35.5 29.4 15 32.0 34.9 29.4 15 
MAR 31.1 24.1 33.4 36.6 30.7 21 33.9 36.5 31.6 24 
APR 30.6 23.6 32.3 35.7 29.9 20 32.1 35.6 29.7 17 
MAY 29.8 22.8 29.9 32.2 27.9 13 29.9 32.5 27.9 11 
JUN 29.7 22.7 28.1 30.0 27.3 3 28.1 30.1 27.2 3 
JUL 29.0 22.0 27.0 28.7 25.4 0 27.0 28.8 25.3 0 
AUG 28.7 21.7 27.6 29.0 25.9 4 27.6 29.1 25.9 4 
SEP 29.0 22.0 27.9 29.4 26.3 4 27.9 29.5 26.2 6 
OCT 29.2 22.2 27.7 30.2 25.5 5 27.5 29.9 25.3 4 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 3 (RB3) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 28.8 31.2 27.3 8 29.3 32.6 27.1 9 
DEC 29.3 22.3 29.0 31.9 26.7 10 29.7 33.9 26.8 11 
JAN 29.6 22.6 29.5 32.5 27.7 9 30.2 34.3 27.5 12 
FEB 30.5 23.5 31.4 33.9 29.4 14 31.6 34.9 29.3 15 
MAR 31.1 24.1 33.2 35.5 31.1 24 32.7 35.6 30.3 19 
APR 30.6 23.6 31.6 34.7 29.5 16 31.7 35.6 29.6 15 
MAY 29.8 22.8 29.7 32.0 28.4 10 30.0 32.4 28.3 13 
JUN 29.7 22.7 28.1 29.6 27.5 0 28.1 30.1 27.3 2 
JUL 29.0 22.0 27.2 28.6 25.9 0 27.4 29.0 25.7 0 
AUG 28.7 21.7 27.7 28.7 26.6 1 27.8 28.8 26.3 4 
SEP 29.0 22.0 27.8 28.6 26.8 0 27.7 28.5 26.7 0 
OCT 29.2 22.2 27.6 29.5 26.1 2 27.8 30.2 25.7 4 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 4 (RB4) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 29.7 33.0 28.1 9 29.8 33.3 27.4 10 
DEC 29.3 22.3 30.6 33.8 28.0 15 30.4 34.3 26.9 10 
JAN 29.6 22.6 30.6 34.2 28.1 14 30.6 34.8 27.7 12 
FEB 30.5 23.5 32.0 34.7 29.7 17 32.2 35.3 29.4 16 
MAR 31.1 24.1 33.1 35.6 31.0 22 33.5 36.3 30.7 21 
APR 30.6 23.6 31.9 35.7 29.6 14 32.2 35.9 29.8 17 
MAY 29.8 22.8 30.0 32.1 28.5 14 30.1 32.4 28.4 12 
JUN 29.7 22.7 28.4 30.1 27.4 3 28.3 30.3 27.3 3 
JUL 29.0 22.0 27.9 29.1 27.0 2 27.6 29.1 26.2 2 
AUG 28.7 21.7 28.4 29.2 27.6 9 28.1 29.3 26.7 8 
SEP 29.0 22.0 28.4 29.7 27.8 5 28.3 29.8 27.1 6 
OCT 29.2 22.2 28.5 30.1 27.3 5 28.3 30.4 26.2 6 
Note: all values except HTD (hours) in ˚C 
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 Acceptability  
limits 
Case study building 5 (RB5) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 29.4 32.1 27.9 9 29.3 31.8 27.4 9 
DEC 29.3 22.3 30.3 33.6 27.7 15 29.5 32.3 26.5 12 
JAN 29.6 22.6 30.5 34.0 28.2 13 29.9 32.9 27.8 10 
FEB 30.5 23.5 32.2 34.5 30.2 19 32.2 34.4 29.8 18 
MAR 31.1 24.1 33.6 35.7 32.1 24 34.2 36.2 31.9 24 
APR 30.6 23.6 32.3 35.2 29.6 21 32.0 35.4 29.5 16 
MAY 29.8 22.8 30.1 31.8 28.5 14 30.0 32.1 28.4 13 
JUN 29.7 22.7 28.4 30.1 27.7 3 28.4 30.2 27.5 3 
JUL 29.0 22.0 27.7 29.0 26.7 0 27.6 29.0 26.2 0 
AUG 28.7 21.7 28.1 28.9 27.1 6 27.9 29.1 26.5 6 
SEP 29.0 22.0 28.3 29.2 27.4 5 28.3 29.6 27.0 7 
OCT 29.2 22.2 28.3 30.0 27.0 5 28.0 30.0 26.4 5 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 6 (RB6) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 29.3 31.5 28.2 9 29.3 31.8 27.4 10 
DEC 29.3 22.3 29.7 31.9 28.1 14 29.4 32.8 27.2 10 
JAN 29.6 22.6 30.0 32.5 28.5 14 30.2 33.1 28.0 13 
FEB 30.5 23.5 31.9 33.9 30.2 20 31.6 34.4 29.3 14 
MAR 31.1 24.1 33.6 35.4 32.1 24 34.1 36.1 32.4 24 
APR 30.6 23.6 32.0 34.8 29.9 21 32.1 35.1 29.7 19 
MAY 29.8 22.8 29.9 31.7 28.6 13 30.0 32.1 28.5 13 
JUN 29.7 22.7 28.5 29.7 27.7 0 28.2 29.8 27.3 1 
JUL 29.0 22.0 27.9 28.8 27.2 0 27.3 28.8 26.0 0 
AUG 28.7 21.7 28.3 28.8 27.6 4 28.0 29.0 26.9 4 
SEP 29.0 22.0 28.4 28.9 27.8 0 27.9 28.7 26.9 0 
OCT 29.2 22.2 28.4 29.7 27.1 3 27.9 30.0 26.3 4 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 7 (RB7) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 30.0 31.9 28.8 14 29.0 31.2 27.5 8 
DEC 29.3 22.3 30.3 32.8 28.9 18 29.0 31.7 26.9 10 
JAN 29.6 22.6 30.9 33.1 29.7 24 29.6 32.2 28.0 9 
FEB 30.5 23.5 32.1 34.2 30.5 22 31.9 33.9 29.9 19 
MAR 31.1 24.1 33.8 35.6 32.4 24 34.6 36.4 33.0 24 
APR 30.6 23.6 32.4 34.8 31.0 24 32.0 35.3 29.8 17 
MAY 29.8 22.8 30.3 31.9 29.1 13 30.1 32.3 28.6 13 
JUN 29.7 22.7 29.0 30.0 28.2 3 28.3 29.9 27.6 2 
JUL 29.0 22.0 28.1 28.9 27.5 0 27.5 28.9 26.3 0 
AUG 28.7 21.7 28.6 29.1 28.0 12 28.1 28.9 27.1 5 
SEP 29.0 22.0 28.7 29.5 28.2 7 28.4 29.6 27.3 7 
OCT 29.2 22.2 28.7 30.0 27.8 8 27.9 29.8 26.5 3 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 8 (RB8) 
Living room Bedroom 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 29.4 31.8 27.3 11 29.7 32.7 27.4 12 
DEC 29.3 22.3 29.5 32.3 26.6 12 30.2 33.5 26.8 14 
JAN 29.6 22.6 29.9 32.9 27.7 11 30.5 34.1 28.4 12 
FEB 30.5 23.5 32.4 34.6 30.1 20 32.5 35.1 29.8 19 
MAR 31.1 24.1 35.1 37.0 33.0 24 34.2 36.6 31.8 24 
APR 30.6 23.6 32.2 35.8 29.5 17 33.0 36.0 29.8 22 
MAY 29.8 22.8 30.3 32.5 28.5 14 30.2 32.3 28.4 14 
JUN 29.7 22.7 28.4 30.2 27.7 3 28.4 30.2 27.6 3 
JUL 29.0 22.0 27.5 29.0 26.2 1 27.5 29.0 26.2 1 
AUG 28.7 21.7 28.1 29.3 26.8 8 28.1 29.3 26.7 7 
SEP 29.0 22.0 28.6 29.9 27.2 10 28.6 30.1 27.1 8 
OCT 29.2 22.2 28.1 30.1 26.4 5 28.3 30.2 26.2 8 
Note: all values except HTD (hours) in ˚C 
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 Acceptability  
limits 
Case study building 1 (RB1) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 277.1 453.2 85.5 1 146.2 182.6 56.1 2 
DEC 500 100 299.1 546.8 96.0 3 143.4 179.3 62.0 2 
JAN 500 100 289.2 512.6 90.0 2 139.6 170.5 61.1 2 
FEB 500 100 261.2 363.2 93.7 1 148.7 184.0 61.7 3 
MAR 500 100 273.7 368.9 120.0 0 177.9 236.2 94.5 1 
APR 500 100 356.1 549.4 191.7 2 241.9 368.9 103.8 0 
MAY 500 100 339.5 504.0 146.3 1 245.2 467.5 108.7 0 
JUN 500 100 655.1 974.8 193.7 8 447.0 665.3 129.5 6 
JUL 500 100 656.9 983.9 169.4 8 441.4 671.5 120.5 6 
AUG 500 100 662.6 999.5 157.4 8 451.2 683.6 107.2 6 
SEP 500 100 290.1 460.3 14.8 1 189.1 295.6 67.2 2 
OCT 500 100 211.3 316.8 41.0 1 141.6 241.3 55.2 2 
Note: all values except HVD (hours) in Lux 
 
 Acceptability 
limits 
Case study building 2 (RB2) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 3218.6 5299.9 339.6 10 604.8 1361.7 101.4 5 
DEC 500 100 4320.3 7204.4 468.1 11 761.0 1830.5 113.4 6 
JAN 500 100 3825.7 6328.3 421.3 10 684.2 1564.4 148.6 5 
FEB 500 100 1926.0 3062.2 263.2 10 471.3 810.4 165.0 5 
MAR 500 100 560.7 812.1 193.5 8 388.4 516.6 179.5 3 
APR 500 100 445.4 771.6 188.9 3 478.3 756.4 225.9 5 
MAY 500 100 317.0 477.3 137.2 0 460.8 683.6 188.7 5 
JUN 500 100 919.2 1369.8 272.4 10 899.3 1339.1 265.9 10 
JUL 500 100 921.5 1379.0 236.4 10 905.4 1359.9 234.0 10 
AUG 500 100 929.3 1406.0 220.8 10 918.3 1386.7 218.5 10 
SEP 500 100 478.2 829.8 158.3 6 402.2 654.6 163.3 3 
OCT 500 100 572.6 832.7 71.2 10 316.5 491.6 56.1 1 
Note: all values except HVD (hours) in Lux 
 
 Acceptability  
limits 
Case study building 3 (RB3) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 115.4 141.4 42.9 3 3430.6 8547.8 423.6 11 
DEC 500 100 111.5 137.2 47.5 4 4015.2 7824.2 371.1 11 
JAN 500 100 113.2 138.5 46.6 3 3681.3 8260.4 353.9 11 
FEB 500 100 121.8 150.9 48.2 3 2861.6 9933.5 245.7 11 
MAR 500 100 140.5 193.5 60.4 2 3235.1 12788.5 230.6 10 
APR 500 100 197.1 303.0 108.0 0 3224.7 12356.2 255.4 8 
MAY 500 100 192.8 308.5 83.2 2 844.4 2577.8 191.2 5 
JUN 500 100 357.3 530.5 106.0 3 1259.9 1866.0 370.3 10 
JUL 500 100 358.4 536.6 92.0 4 1377.9 1887.7 496.2 11 
AUG 500 100 362.1 546.1 86.2 5 1269.8 1921.5 301.6 10 
SEP 500 100 127.6 183.2 56.7 4 3166.4 12517.6 174.2 8 
OCT 500 100 113.0 184.6 23.7 5 851.0 2838.7 155.2 9 
Note: all values except HTD (hours) in ˚C 
 
 Acceptability  
limits 
Case study building 4 (RB4) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 2061.4 7284.8 113.1 6 1675.9 4543.9 73.3 9 
DEC 500 100 2323.7 7788.1 152.6 7 2000.1 5549.9 81.7 10 
JAN 500 100 2212.7 7769.4 135.4 7 1891.2 5177.8 106.8 9 
FEB 500 100 1842.4 6237.1 170.3 6 1417.9 3702.3 120.5 9 
MAR 500 100 1366.7 4601.3 191.7 6 1013.1 2446.2 121.5 7 
APR 500 100 840.7 2999.2 231.6 6 947.2 2588.4 118.9 6 
MAY 500 100 288.9 538.7 109.7 2 354.8 973.5 68.6 4 
JUN 500 100 624.7 931.7 184.4 8 575.2 854.5 169.8 8 
JUL 500 100 626.7 938.7 167.8 8 577.0 862.9 148.5 8 
AUG 500 100 631.8 952.0 149.9 8 582.4 882.7 138.4 8 
SEP 500 100 461.6 975.5 186.2 4 444.4 827.9 107.2 4 
OCT 500 100 479.6 1280.4 41.1 4 409.1 936.1 30.5 5 
Note: all values except HVD (hours) in Lux 
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 Acceptability  
limits 
Case study building 5 (RB5) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 1305.6 5640.8 122.1 4 1451.7 6852.0 113.0 4 
DEC 500 100 1197.4 4614.9 182.1 5 1289.2 5214.0 122.8 4 
JAN 500 100 1194.7 4803.4 181.3 4 1397.2 6045.6 148.4 5 
FEB 500 100 1411.1 5534.3 146.3 5 1762.0 7321.4 168.0 5 
MAR 500 100 1662.1 7066.0 131.8 5 2025.2 9183.1 176.3 5 
APR 500 100 1608.8 7365.5 123.9 4 1960.5 9277.9 206.8 7 
MAY 500 100 417.8 1367.0 68.8 5 583.8 1659.2 135.1 3 
JUN 500 100 601.3 895.4 177.8 8 872.0 1297.3 258.3 10 
JUL 500 100 608.6 901.7 155.4 8 875.3 1308.7 225.1 10 
AUG 500 100 608.5 918.8 144.5 8 883.0 1330.9 209.8 10 
SEP 500 100 498.0 1492.1 115.9 3 633.6 1900.3 165.0 4 
OCT 500 100 450.5 1409.5 31.9 4 527.9 1747.0 43.5 4 
Note: all values except HVD (hours) in Lux 
 
 Acceptability  
limits 
Case study building 6 (RB6) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 937.7 3021.3 72.2 5 922.9 2704.5 75.8 7 
DEC 500 100 1090.9 3414.3 73.8 6 1077.7 3168.2 65.9 7 
JAN 500 100 1036.9 3134.9 91.6 6 976.8 2853.4 55.8 7 
FEB 500 100 793.4 2395.6 123.3 4 729.7 2101.0 56.0 7 
MAR 500 100 570.7 1587.3 192.6 5 526.1 1373.4 64.2 6 
APR 500 100 498.0 2091.5 192.5 3 469.3 1253.4 76.4 6 
MAY 500 100 223.6 676.0 74.4 4 203.9 473.3 55.9 2 
JUN 500 100 395.5 588.0 116.9 4 406.0 605.2 119.7 4 
JUL 500 100 397.1 593.7 102.1 4 406.9 609.0 105.0 5 
AUG 500 100 400.8 604.5 95.2 5 410.9 621.7 97.6 6 
SEP 500 100 336.4 1209.8 87.3 2 482.7 1260.3 48.8 5 
OCT 500 100 238.3 563.2 34.5 2 250.4 601.6 52.2 4 
Note: all values except HVD (hours) in Lux 
 
 Acceptability  
limits 
Case study building 7 (RB7) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 181.9 650.4 59.9 4 518.8 1991.9 102.4 3 
DEC 500 100 224.5 964.3 48.9 4 405.7 1451.1 83.8 4 
JAN 500 100 200.7 641.9 42.5 5 436.2 1643.3 74.6 3 
FEB 500 100 133.6 270.6 49.5 3 624.2 2623.2 85.4 5 
MAR 500 100 132.5 214.8 79.1 2 914.9 3700.2 110.7 4 
APR 500 100 187.2 581.4 69.5 2 1283.5 4590.4 148.4 5 
MAY 500 100 120.1 314.5 39.8 6 437.1 1141.8 115.9 3 
JUN 500 100 240.0 357.4 70.9 2 498.6 743.3 147.0 6 
JUL 500 100 240.6 360.0 62.0 2 499.9 746.6 129.2 6 
AUG 500 100 242.8 366.7 57.8 2 504.1 760.1 119.7 6 
SEP 500 100 121.5 155.8 54.8 3 1079.3 4095.7 68.6 6 
OCT 500 100 89.1 137.7 16.7 6 270.6 754.0 64.6 5 
Note: all values except HVD (hours) in Lux 
 
 Acceptability  
limits 
Case study building 8 (RB8) 
Living room Bedroom 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 696.7 2954.5 139.3 3 1640.3 5665.4 105.2 6 
DEC 500 100 587.3 2204.2 141.0 2 1845.0 5597.1 117.3 7 
JAN 500 100 625.2 2139.9 174.8 3 1777.5 5890.9 140.9 7 
FEB 500 100 901.0 3185.8 216.0 3 1514.2 5777.3 151.0 7 
MAR 500 100 1289.9 4839.5 308.7 5 1386.6 5257.2 151.9 6 
APR 500 100 1762.5 6157.3 423.0 10 1393.6 5780.4 151.5 6 
MAY 500 100 663.2 1527.8 171.2 6 486.7 1348.9 92.3 5 
JUN 500 100 819.5 1222.5 242.3 10 780.4 1163.0 230.8 10 
JUL 500 100 821.4 1226.6 211.3 10 782.8 1171.4 201.9 9 
AUG 500 100 829.6 1252.5 197.3 10 792.2 1198.6 188.3 9 
SEP 500 100 629.2 1245.6 322.9 6 524.6 1325.8 139.5 4 
OCT 500 100 389.9 1004.9 50.2 4 491.3 1339.3 39.0 4 
Note: all values except HVD (hours) in Lux 
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APPENDIX 4: DESCRIPTION OF TYPES OF SHADING DEVICES 
 
Table 9. Characteristics of various shading devices (Baker et al., 1993) 
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Table 10. Characteristics of various shading devices (Baker et al., 1993) 
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Table 11. Characteristics of various shading devices (Baker et al., 1993) 
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APPENDIX 5: OCCUPANT COMFORT IN MID-RISE RESIDENTIAL BUILDINGS IN ABUJA, 
NIGERIA: THE TRADE-OFF BETWEEN THERMAL AND VISUAL PERFORMANCE 
 
Occupant comfort in mid-rise residential buildings in Abuja, Nigeria: 
the trade-off between thermal and visual performance 
Mahmood Abdulkareem1 MArch, Sura Almaiyah1 PhD, Malcolm Cook2 PhD 
1 School of Architecture, University of Portsmouth, Portsmouth, United Kingdom 
2 School of Civil and Building Engineering, Loughborough University, Loughborough, United Kingdom 
Corresponding authors’ e-mail: mahmood.abdulkareem@myport.ac.uk 
Abstract    
This work is part of an ongoing study on the evaluation of daylighting and thermal performance of Nigerian 
housing schemes that were developed in the 1980’s, and are still being used as prototypes for low-income 
housing developments. Various houses that are located in four districts in Abuja and constructed at different 
phases of the city’s development are selected for the investigation. The paper reports the results of assessing 
the performance of two of the eight selected residential building types, two mid-rise blocks of flats constructed 
in 1983. The paper assesses the performance of the buildings in their current state and examines the potential 
for improving their internal conditions by using a range of shading devices. Using the IES Virtual Environment 
(IES-VE), the metrics of operative temperature, illuminance levels and the frequency of visual and thermal 
discomfort in the two selected buildings were calculated. The paper provides insight into the environmental 
performance of this building type with the intention of using the findings for improving occupants’ sense of 
comfort by optimising solar shading.  
Keywords: Thermal performance, visual performance, multi-storey residential buildings, simulation, occupants 
comfort  
1. The housing sector in Nigeria and the issue of energy  
Nigeria has the largest population in Africa with over 173 million people of which 55% lack access to 
grid supply of electricity. For the households that are connected to the grid, the supply of electricity 
is unreliable at best (1). As a result, the use of back-up power generation to mitigate poor grid-based 
supply has become common in many cities in Nigeria. In a survey of over 1000 households located 
in eight districts in Lagos (the most populous city in Nigeria) (2) the findings revealed that between 
60-92% of the examined sample use private back-up generators frequently. The electricity problem 
is primarily a consequence of a rapid increase in population without corresponding increase in the 
production and grid supply of electricity (3).  
Over 57% of the electrical energy consumed in Nigeria is used in  housing (4), mainly in lighting and 
cooling. An investigation of electricity use of several housing units in Gusau (North of Nigeria) (5) 
revealed that on average 79% of the annual electrical energy consumed in the units was dedicated 
to running air conditioning systems (77.6%) and less than 2% for artificial lighting. However, in a 
more recent study of energy consumption of residential buildings in Kaduna and Kano, (also North 
of Nigeria) the authors reported (6) that on average 62.7% of the annual electrical energy consumed 
was used for lighting while 23.65% was used to run air conditioning systems. These findings suggest 
that the ability to minimise the use of mechanical systems to provide the level of comfort desired by 
the occupants in Nigeria’s residential buildings is key for reducing the overall energy use in the 
region. Yet the contemporary design approaches and the global architectural practice adopted in the 
country have resulted or at least contributed to inefficient energy use in the building industry. This 
has translated over the years to increasing demand for active energy through various devices for 
both lighting and cooling (7). With such dependency on artificial solutions and the rapid increase in 
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population many believe that the energy consumption in Nigeria might become too difficult to sustain 
in the future (4).  
Recently an increasing number of studies have examined energy use and occupants comfort in 
buildings in Nigeria (8-11). Yet, none of these studies examined the environmental performance of 
the residential architecture of Abuja, where one of the most extensive public housing development 
programme in the country’s history has been implemented (12, 13). In addition, the few published 
studies on the housing sector were mainly focused on the thermal aspect of the housing units in the 
region but very little attention is given to the visual aspect of the design.    
1.1 Abuja’s Housing Sector: An opportunity for Improvement  
The architectural trends that emerged in the mid-70s after the Nigerian oil boom persist to this day 
and most of the residential buildings in the cities around the country were built during this period (14). 
The oil boom boosted the economy and in turn the government, for the first time, participated actively 
in the provision of housing for all income groups (15). The building industry became more involved 
turn-key projects built on the premise that energy is cheap and as a result style became more 
important than performance in the building design (16).  
Abuja, the capital city of Nigeria, was also conceived in the mid-70s amidst the optimism. Envisioned 
as a more centrally located new seat of government the construction of the city eventually began in 
1980 (13). As part of the greatest public housing development programme in the country’s history 
most of the residential buildings in Abuja were constructed by the government. At the early stage of 
the city’s development, the efforts of the planners and architects involved in the design of the city 
were heavily focused on cost and providing the required quantity of dwellings. This is clearly reflected 
in the master-plan of the city stating that “the architectural and engineering aspects of housing are 
perhaps the least complicated or problematic aspects of housing” (17). With this mind-set or attitude 
thousands of residential buildings in Abuja were originally designed and eventually constructed 
without proper regard for the unique climatic context of the region (12).  
Today, only about half the area allocated for residential building construction in the city is fully 
developed. With the government seeking to complete the remaining phases of the city’s 
development, there is a great opportunity to contribute to the architectural practice in the city by 
examining the performance of this early generation of housing schemes that are still being used as 
prototypes for low-income group and providing guidelines for improving future development.  
This paper is part of an ongoing study on the evaluation of the thermal and visual performance of 
residential buildings that have been developed in Abuja since the 80s. The paper only reports the 
evaluation of the performance of two mid-rise residential blocks that were part of the first phase of 
the housing development in the city. 
 
 
 
 
 
 
 
Figure 1 – Location of Abuja, Nigeria.  
 
 
Appendices 
 
Page 397 of 431 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 – Illustration of the developed area of Abuja on the master plan drawing.  
1.2 Climate of Abuja, Nigeria  
Abuja has a tropical Savannah climate and is located in the central region of Nigeria (at latitude 
9˚06’N and longitude 7˚49’E). There are two prevelant seasons in Abuja, namely the dry season and 
the rainy season. The dry season starts in November and ends in April, while the rainy season occurs 
from May to October. The dry season is characterised by very little cloud cover and intense solar 
radiation (5.9-6.3 kWh/m2/day), as a result daytime temperatures can be as high as 37°C. During the 
rainy season the combination of solar radiation (4.2-5.6 kWh/m2/day) and the humidity of the air 
mass forms dense clouds and leads to the occurrence of torrential rain, which has a cooling effect. 
Nevertheless daytime temperatures can still rise above 29°C (18, 19).  
 
2. Methodology   
The IES Virtual Environment (IES-VE) was used to perform the simulation modelling in the two 
examined case study buildings. For each case study a 3D digital model (Figure 4) was constructed 
based on the actual building form and information on building materials collected during the fieldwork. 
The simulation was set-up for full-time occupancy with the maximum dwelling occupancy rate 
specified by the Nigerian government (20). It was assumed that occupants will always take effective 
steps to improve the indoor conditions. Hence, during the simulations the windows are opened if the 
indoor operative temperature is above the acceptable limits for comfort and the outdoor dry-bulb 
temperature is below the indoor operative temperature.  
2.1 Case study buildings  
The case study buildings include a one and two bedroom block of flats in Wuse I, which is one of the 
districts that were constructed during the initial stages of Abuja’s development. The buildings were 
both constructed in 1983 and are four storeys high consisting of 24 flats that have a North/South 
orientation (Figure 3). The living rooms in two flats on the top floor of either building were selected 
for the study (Figure 4). The living room in case study one (B1) has two equal sized windows with a 
combined area of 3.36m2 on the North façade while the living room in case study two (B2) has a 
single window with an area of 3.36m2 on the south façade. B1 has one small window on the South 
façade (0.25m2) while B2 has two similar openings on the North façade.  
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Figure 3 – Floor plans of case studies.  
 
 
 
 
Figure 4 – IES-VE models of case studies.  
2.2 Evaluation Criteria 
The national energy policy of Nigeria (21) published in 2003, proposes the development of building 
codes to encourage designers to adapt their buildings to the climatic conditions of the region in order 
to reduce energy consumption. However, neither the national energy policy or the national building 
code published in 2006,  provides guidelines on thermal comfort that can assist designers in 
improving the environmental performance of their schemes (20, 22).  
Thus, the ASHRAE standard 55-2010 adaptive model for thermal comfort in naturally ventilated 
buildings (23) is used to define the thermal comfort requirements in this study. The adaptive model 
assumes that access to environmental controls, such as opening window or adjusting shading 
devices influence building occupants' thermal expectations and preferences (24). The model is 
primarily based on the correlation between the operative temperature and the running mean outdoor 
temperature measured over no less than 7 days before the day in question. The upper (Tover) and 
lower (Tunder) limits of the temperature range acceptable for 80% of occupants in the case study 
buildings are determined using the following equations (23): 
Upper 80% acceptability limit (°C) = 0.31x Tpma +21.3 
Lower 80% acceptability limit (°C) = 0.31x Tpma +14.3 
Where, Tpma is the prevailing mean outdoor air temperature which is the arithmetic mean of all mean daily 
outdoor air temperatures for 14 sequential days prior to the day in question.  
The models for evaluating visual comfort are less standardised than that of thermal comfort. In this 
study, an approach similar to Sicurella et al.’s method (25) is adapted for evaluating  the Frequency 
of Visual Comfort (FVC). The concept is similar to the ‘Useful Daylight Illuminance’ (UDI) metric 
introduced by Mardaljevic and Nabil (26), but unlike Mardaljevic’s model which was based on spatial 
rendering of useful daylight illuminance fulfilling in every point of the calculation grid, Sicurella et al. 
used the average daylight illuminance in a space. In this study the average illuminance value across 
the working plane is predicted using grid points 0.5m apart within each space. The upper limit for 
preferred daylight illuminance used is 500 lux and the lower limit is 100 lux. These limits were 
established based on the Illuminating Engineering Society of North America (IESNA) Lighting 
handbook (27).  
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The conditions in the living rooms in the selected dwellings were investigated for the 15th day of 
each month in terms of the following:  
• The operative temperature in the room 
• The number of hours that the operative temperature recorded was below the lower limit or 
above the upper limit of the acceptability  
• The average illuminance across a working plane 
• The number of hours that the illuminance level recorded was below the lower limit or above 
the upper limit of the acceptability 
3. Results  
3.1 Thermal performance evaluation 
The predicted operative temperatures in the selected spaces in comparison to the outdoor dry-bulb 
temperature (Tdb) and acceptable temperature range are shown in Figure 5 and 6. Alternatively Table 
1 shows the mean (Tomean), maximum (Tomax), minimum (Tomin) operative temperatures predicted as 
well as the hours of thermal discomfort (HTD) on each day.  
 
 
 
 
 
 
 
 
 
 
Figure 5 – Operative temperatures in selected spaces on the 15th of each month during the dry season. 
 
 
 
 
 
 
 
 
 
 
Figure 6 – Operative temperatures in selected spaces on the 15th of each month during the rainy season. 
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Table 1 – Summary of predicted thermal conditions in case study buildings. 
During the dry season (November-April) both rooms are thermally uncomfortable for more than half 
of the time assessed. The maximum operative temperatures are around 32°C and 35°C in B1 and 
B2 respectively during these days, while the minimum operative temperatures are around 28°C and 
27°C in B1 and B2 respectively. Given that the outdoor dry bulb temperature can be as low as 19°C 
during early mornings in the dry season, it might be beneficial to adopt a better night time cooling 
strategy during these months. On the days during the last 3 months of the dry season the maximum 
operative temperatures are around 34°C and 36°C in B1 and B2 respectively. On March 15th the 
operative temperatures in B1 are above the acceptable range throughout the day, while the operative 
temperature in B2 is only within the acceptable range for 3 hours in the morning. 
The cooler outdoor conditions during the rainy season (May-October) have a positive effect on the 
thermal conditions in both rooms. On May 15th there are 11 and 13 hours of thermal discomfort in 
B1 and B2 respectively but there are only about 1 to 3 hours of thermal discomfort in both rooms on 
the other days during this season. Moreover, on average the maximum operative temperature is only 
0.5°C and 1°C above the upper limits of acceptability in B1 and B2 respectively, compared to 3°C 
and 5°C during the dry season. The conditions are comfortable throughout June 15th, which marks 
the beginning of the period of heavy rain fall in Abuja. However, despite the cooler conditions, the 
internal temperatures still remain around the upper limits of acceptability. This suggests that there is 
a potential for further reduction in indoor temperatures without the rooms becoming too cool to 
achieve the acceptable temperatures in both seasons (Table 1).  
In addition to the variation in operative temperature between the two seasons, the elevated levels of 
humidity in Abuja during the rainy season in particular can also have an impact on the sensation of 
comfort and the thermal conditions in buildings. The simulation results show that the relative humidity 
levels are only above 75% for approximately 3% and 8% of the time during the rainy season in B1 
and B2 respectively. Previous studies (28, 29) have explained that occupants in naturally ventilated 
buildings in a warm climate desire a lower comfort temperature if the relative humidity is above 75%. 
This suggests that thermal discomfort associated with higher levels of humidity might be an issue for 
a limited period of time during the rainy season in Abuja.  
Overall the results suggest that, B1 is uncomfortable for 35% of the period assessed while B2 is 
uncomfortable for 51% of the period assessed. Whereas both rooms have similar sized floor areas 
and similar sized total window areas, the external surface area of B2 is almost three times the size 
of that of B1. Moreover, the main window wall for B1 is orientated north while that of B2 faces south. 
The results indicate that heat conducted through the walls and the portion radiated through the 
windows has a significant impact on the level of thermal discomfort in the rooms, particularly during 
the daylight hours. The obvious source of solar heat gain is of course the window area; however any 
changes to improve the performance of the window area will have an impact on the visual 
performance of the spaces. 
 Acceptability limits Case study building 1 (B1) Case study building 2 (B2) 
 Tover Tunder Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.6 22.6 28.9 30.9 27.6 7 29.5 33.3 26.9 10 
DEC 29.3 22.3 29.4 32.0 27.6 11 30.1 34.6 26.6 12 
JAN 29.6 22.6 29.8 32.3 28.4 11 30.8 35.2 27.9 13 
FEB 30.5 23.5 31.3 33.2 29.5 14 32.1 35.5 29.4 15 
MAR 31.1 24.1 33.0 35.1 31.3 24 33.4 36.6 30.7 21 
APR 30.6 23.6 31.6 34.2 29.9 17 32.3 35.7 29.9 20 
MAY 29.8 22.8 29.7 31.6 28.5 11 29.9 32.2 27.9 13 
JUN 29.7 22.7 28.2 29.8 27.5 1 28.1 30.0 27.3 3 
JUL 29.0 22.0 27.6 28.7 26.7 0 27.0 28.7 25.4 0 
AUG 28.7 21.7 27.9 28.7 27.0 2 27.6 29.0 25.9 4 
SEP 29.0 22.0 28.5 30.2 27.3 0 28.7 31.7 26.3 4 
OCT 29.2 22.2 27.9 29.4 26.8 2 27.7 30.2 25.5 5 
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3.2 Visual performance evaluation 
The average daylight illuminance values predicted on the working plane in either of the selected 
spaces are shown in Figure 7 and 8 while illustrations of the pattern of its distribution across the 
spaces are shown in Figure 9 and 10. Table 2 shows the mean (Eimean), maximum (Eimax), minimum 
(Eimin) illuminance levels predicted as well as the hours of visual discomfort (HVD) on each day. 
 
 
 
 
 
 
 
 
 
 
Figure 7 – Illuminance levels in selected spaces on the 15th of each month during the dry season. 
 
 
 
 
 
 
 
 
Figure 8 – Illuminance levels in selected spaces on the 15th of each month during the rainy season. 
 
Table 2 – Summary of predicted visual conditions in case study buildings. 
 
 
 
 
 
 
 Acceptability limits Case study building 1 (B1) Case study building 2 (B2) 
 Eover Eunder Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 500 100 211.6 346.0 65.3 2 2457.0 4045.8 259.3 10 
DEC 500 100 228.3 417.4 73.3 2 3298.0 5499.6 357.3 10 
JAN 500 100 220.8 391.3 68.7 2 2920.4 4830.8 321.6 10 
FEB 500 100 199.4 277.2 71.5 1 1470.4 2337.6 200.9 10 
MAR 500 100 208.9 281.6 91.6 1 428.0 620.0 147.7 5 
APR 500 100 271.8 419.4 146.3 0 340.0 589.0 144.2 2 
MAY 500 100 259.1 384.7 111.7 0 242.0 364.3 104.7 0 
JUN 500 100 500.1 744.1 147.9 6 701.7 1045.7 207.9 8 
JUL 500 100 501.4 751.0 129.3 6 703.4 1052.7 180.5 8 
AUG 500 100 505.8 762.9 120.2 6 709.4 1073.3 168.5 8 
SEP 500 100 221.4 351.4 11.3 1 365.1 633.4 120.8 2 
OCT 500 100 161.7 241.9 31.3 2 437.1 635.7 54.4 7 
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For most of the dry season the average illuminance levels in B1 are sufficient for visual comfort (100-
500lux). However, despite the large window area (3.36m2) the windows do not provide the required 
levels of illuminance in the parts of the room further away from the window because the room is 6.3m 
deep. The daylight entering through the small window on the South façade is also limited because it 
is shaded by the stairway most of the time. On the other hand, the illuminance values predicted in 
B2 (Figure 7) are often excessive and only within the acceptable range at 7am and 6pm. The highest 
illuminance level in B2 during the dry season is around 5500lux on December 15th. Figure 10 shows 
that the levels of daylight illuminance in the area of the room by the window is constantly above 500 
lux, while the levels of illuminance at the rear end of the room are sufficient for the performance of 
simple visual tasks.  
During the rainy season the average illuminance levels in B1 are significantly higher than during the 
dry season. On May 15th the highest average illuminance in B1 is above 370lux, while around noon 
the average illuminance level is about 150lux. This is likely because the roof’s overhang is able to 
provide some shading from the sun when it is at a higher altitude. On June, July and August 15th the 
highest average illuminance in B1 is around 750lux which is 33% higher than the upper limit of 
acceptable illuminance for visual comfort. As expected, most of the solar radiation entering the room 
is intense in areas around the main window (figure 9). Some sort of shading is therefore needed here 
around the north facing windows during the rainy season. 
Although the average illuminance levels in B2 are 73% lower during the rainy season than in the dry 
season, the frequency of visual discomfort is still high for a large part of the rainy season. On June, 
July and August 15th the illuminance levels predicted are above the upper limits of acceptability for 
eight hours. The highest illuminance value predicted in the space during this period is about 1070lux 
on August 15th. Likewise, there are seven hours of visual discomfort on October 15th. Throughout 
the year the illuminance levels in the parts of the room closer to the main window are much higher 
than 500lux (Figure 10). A fixed shading device can be used to improve the quality of daylighting in 
B2 as long as it does not reduce the illuminance levels in areas deeper in the room to the extent that 
they become insufficient for the performance of simple visual tasks.    
The results predict that B1 is visually uncomfortable for 20% of the period assessed while B2 is 
visually uncomfortable for 56% of the period assessed. The level of visual discomfort in B2 is mostly 
a result of excessive daylighting, which is received by the half of the room that is adjacent the large 
south facing window. The contrast between the intensity of illuminance at the front of the room and 
at the rear can cause occupants to perceive the space as gloomy at the back and may switch lights 
on. 
Figure 9 – Images of illuminance on working plane in B1 at 1pm on the 15th of each month. 
Case study building 1 
  
NOVEMBER DECEMBER JANUARY FEBRUARY MARCH APRIL 
      
1PM 1PM 1PM 1PM 1PM 1PM 
MAY JUNE JULY AUGUST SEPTEMBER OCTOBER 
      
1PM 1PM 1PM 1PM 1PM 1PM 
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Figure 10 – Images of illuminance on working plane in B2 at 1pm on the 15th of each month. 
3.3 Shading performance evaluation 
Based on the above findings a further phase of analysis was conducted to assess the impact of using shading 
on both the thermal and daylighting conditions in B2.  The main window of the room was fitted with two different 
sizes of shading devices (Figure 11), each composed of an overhang and two fins. The first shading device (S1) 
has a vertical and horizontal projection length of 0.6m, while the second shading device (S2) has a projection 
length of 0.9m. The effect of the shading devices were evaluated for the days during the dry season. The results 
of this phase of analysis are shown in Figure 12-14 and Table 3. 
 
 
 
 
 
 
 
 
Figure 11 – illustration of the alternative designs with two different shading sizes and lowest altitude angle of the sun (57˚) 
around winter solstice.  
 
 
 
 
 
 
 
 
Case study building 2 
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Figure 12 – Impact of shading on the thermal environment in B2 on the 15th day of each month during the dry season.  
 
 
 
 
 
 
 
 
 
 
 
Figure 13 – Impact of shading on the visual environment in B2 on the 15th day of each month during the dry season.  
 
 
 
 
 
 
 
 
 
 
Appendices 
 
Page 405 of 431 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 – Impact of shading on the distribution of daylight illuminance in B2 at 1pm on the 15th day of each month during the dry 
season.  
Table 3 – Impact of shading on the thermal and visual discomfort in B2 on the 15th day of each month during the dry 
season.  
Figure 12 shows that during the first four months of the dry season (November-February) a reduction 
in the maximum operative temperature by about 0.7°C and 1.3°C can be achieved by using S1 and 
S2 respectively. The use of either shading device has very little effect (0.1°C) on the maximum 
operative temperatures on March and April 15th and they do not reduce the duration of thermal 
discomfort. Overall S1 does not reduce the hours of thermal discomfort during the period assessed 
and there are only 5 fewer hours of thermal discomfort when S2   is used.    
  NS (base case) S1 (0.6m shading) S2 (0.9m shading) 
T
h
e
r
m
a
l 
 Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD Tomean Tomax Tomin HTD 
NOV 29.5 33.3 26.9 10 29.3 32.8 26.8 10 29.0 32.3 26.7 8 
DEC 30.1 34.6 26.6 12 29.9 34.0 26.6 12 29.5 33.5 26.5 11 
JAN 30.8 35.2 27.9 13 30.5 34.5 27.7 13 30.2 33.9 27.5 12 
FEB 32.1 35.5 29.4 15 31.9 35.1 29.3 15 31.8 34.9 29.3 14 
MAR 33.4 36.6 30.7 21 33.4 36.4 30.7 21 33.3 36.4 30.7 21 
APR 32.3 35.7 29.9 20 32.3 35.7 29.9 20 32.3 35.7 29.9 20 
V
is
u
a
l 
 Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD Eimean Eimax Eimin HVD 
NOV 2457 4046 259 10 470 702 165 6 302 373 129 0 
DEC 3298 5500 357 10 770.6 1256 232 10 397 688 169 2 
JAN 2920 4831 322 10 588.3 1007 207 8 345 495 159 0 
FEB 1470 2338 201 10 332 404 139 8 254 303 110 0 
MAR 428 620 148 5 246 325 99 0 197 260 80 0 
APR 340 589 144 2 214 359 92 1 175 289 74 2 
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The shading devices have a more profound effect on the visual conditions in the room. Figure 13 
shows that a reduction in the maximum illuminance by 77% or 86% can be achieved using S1 or S2. 
Although S1 is able to reduce the intensity of daylighting significantly, there are still several hours on 
November, December, January and February 15th during which the predicted levels are above the 
upper limit of acceptable illuminance for visual comfort. On December 15th (close to the winter 
solstice) when the sun is at a lower altitude angle there are 10 hours of visual discomfort. On the 
other hand, there are only two hours of visual discomfort on December 15th when S2 is used and 
the visual conditions are acceptable on November, January and February 15th. Whereas the 
maximum illuminance in the unshaded room (base case) on March and April 15th are generally within 
or close to the acceptable range, S1 and S2 do not reduce the illuminance levels in areas deeper in 
the room to the extent that they become insufficient for the performance of simple visual tasks. 
Moreover, as shown in Figure 14, the distribution of daylight in the room is a lot more uniform and 
the area at the back of the space still has sufficient illuminance levels (above 100lux) for the 
performance of simple tasks. In general the frequency of visual discomfort during the dry season is 
reduced from 65% in NS (the base case) to 46% and 5% with S1 and S2 respectively. 
4. Conclusions  
Providing quality homes is one of the key challenges facing Abuja today. While housing has been 
among the top priorities of the government’s agenda, the focus on mass production in the city over 
the last three decades has negatively affected the quality of its dwellings. Another challenge facing 
Abuja today is its poor energy supply and security. Housing is already responsible for over half of all 
energy in Nigeria and with the increase in population meeting occupants’ needs may become even 
more difficult in the future. Despite these issues, there is a unique opportunity to improve the standard 
of housing development in the city given that only about half of its original development scheme has 
been fully implemented. At present there is a lack of studies that investigate the opportunities for 
improving the environmental performance of the housing sector in Abuja through the integration of 
passive solar design strategies.  
 
This paper presented the early findings of evaluating the environmental performance of two mid-rise 
blocks of flats (B1 and B2) constructed in the first phase of the city’s development and examined the 
opportunity for improving their occupants’ sense of comfort by optimising solar shading. The analysis 
of the results shows the following: 
• B1 is thermally uncomfortable for 34 % of the period assessed while B2 is thermally 
uncomfortable for 51% of the period assessed. The performance gap can be attributed to the 
fact that case study two has significantly more envelope area which is exposed to the external 
climatic conditions and the primary window area for the space is orientated south.  
• The assessment of the visual performance revealed that B1 is visually uncomfortable for 20% of 
the period assessed while case study 2 is visually uncomfortable for 55% of the period assessed.  
• The frequency of visual discomfort, particularly recorded in B2, is mainly the result of extended 
exposure to high illuminance level, which is focused in parts of the room. Excessive amount of 
daylighting is associated with excessive solar heat gain. Thus opportunities to reduce the amount 
of daylighting, even at the risk of insufficient illuminance, might be welcomed by occupants under 
Abuja’s bright sky conditions. 
The paper also demonstrated the effects of solar shading on thermal and visual comfort in B2 using 
a rigid shading device with a 0.6m (S1) and 0.9m (S2) projection. Key findings of this phase of the 
analysis can be summarised as follows 
• A reduction in the maximum operative temperature by about 0.7°C and 1.3°C can be achieved 
during the dry season by using S1 and S2 respectively. However S1 and S2 do not significantly 
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reduce the mean or maximum operative temperatures on March and April 15th when the highest 
number of discomfort hours is predicted. 
• S1 does not reduce the hours of thermal discomfort on the days assessed during the dry season 
and there are only fewer hours of thermal discomfort when S2 is used.   
• By contrast, the frequency of visual discomfort during the dry season is reduced noticeably from 
65% in NS (the base case) to 46% and 5% with S1 and S2 respectively. 
• Also, a 77% and 86% reduction in the maximum illuminance can be achieved using S1 and S2 
respectively.  
Overall the analysis of the results shows that the use of shading devices has a more profound 
effect on the visual conditions in the room resulting in 60% improvement in the hours of visual 
comfort as compared with only 3% reduction in the hours of thermal discomfort.  As stated 
previously, this paper is part of ongoing study on Abuja’s’ housing and more work is needed before 
clear conclusions can be drawn about the appropriate shading devices required for environmental 
comfort in this housing type.  
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